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Heriot-Watt University 

Abstract 

LARGE-SCALE REMOTELY INTERROGATED 
ARRAYS OF FIBRE-OPTIC 

INTERFEROMETRIC SENSORS AND FIBRE 
LASERS 

by G. A. Cranch 

The development of fibre-optic interferometric sensor arrays for application in underwater 

acoustics has been an area of active research since the late 1970's. The technology has reached a 

level whereby prototype arrays have been successfully demonstrated in sea-trials. However, the 

recent development of several new technologies may significantly increase the size and 

performance of these arrays. We demonstrate the potential increase in multiplexed array sizes 

using architectures based on combining dense wavelength division multiplexing and time 

division multiplexing. These architectures also include erbium doped fibre amplifiers for post, 

pre, inline and remote amplification in order to increase the standoff distance between the array 

and electronics unit. We also theoretical investigate the limitations imposed on the number of 

sensors that can be multiplexed, due to nonlinear transmission effects in the link fibre in the 

presence of high optical powers and multiple wavelengths. We also demonstrate novel DFB 

erbium doped fibre lasers as optical sources. These sources exhibit linewidths significantly 

narrower than semiconductor DFB lasers, which are currently used in many sensor arrays, and 

thus may provide a significant improvement in sensor resolution. We investigate the intensity 

and frequency noise properties of these lasers, their modulation properties and successfully 

develop intensity noise and frequency noise reduction techniques. We also investigate the 

potential of fibre-optic acoustic vector sensors and demonstrate fibre-optic flexural disk 

accelerometers. Finally, we demonstrate polymer coated in-fibre Bragg gratings as pressure and 

temperature sensors and investigate polymer coatings as a means to increase the acoustic 

responsivity of fibre laser acoustic sensors. 
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Chapter 1 

INTRODUCTION AND HISTORICAL BACKGROUND 

1.1 Historical Background 

D wring the last century, the development of underwater acoustic measurement 

instrumentation has followed from the continuing development of component and 

system analysis technology for communication; the situation is no different in the present day. 

Some of the first underwater acoustic measurement devices emerged after the sinking of the 

Steamship TITANTIC in 1912. These were based on echo-ranging techniques, using the time 

of flight of a sound pulse to detect nearby objects, such as icebergs or other ships. This 

technology was further developed by both the United Kingdom and the US during and after 

the First World War as active sonar sound navigation and ranging) systems for anti-submarine 

warfare [1.1]. The first electronic underwater acoustic sensing arrays emerged towards the end 

of the First World War, when the need for covert underwater acoustic detection of enemy 

submarines was identified. Although these early systems consisted of only a few hydrophones 

deployed on or from a surface ship, they demonstrated all the basic concepts of modern passive 

sonar arrays. One such demonstration, in the US in 1918 (known as the U-3), consisted of two 

towed line arrays, each with twelve carbon button microphone based hydrophones, towed 

approximately one hundred meters behind a surface ship [1.2]. The hydrophones were 
deployed remotely from the ship in order to reduce the impact of the deployment ship's own 

acoustic signature on the detection sensitivity. The presence of two towed arrays allowed the 

problem of left-right signal location ambiguity associated with one dimensional line arrays, to 
be overcome. The signals were brought on board through conventional copper cable where 
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time delays %v, erc added to the individual hvdrophonc signals hcturc combining to allow the 

array signals to be formed into a beam. 

Since these early demonstrations, acoustic sensing instrumentation development has focused on 

increasing array aperture and resolution (i. e. both physical size and number of by drophones) to 

allow operation at low frc 1uency, increasing reliability and advanced signal processing systems. 

Modern passive sonar systems, comprise both `on platform' arrays (i. e. arrays located on the 

ship or submarine) and `off platform' arrays (i. e. arrays located remote from the surface ship or 

submarine). Shown in fig. 1.1 are the locations of the passive arrays typically found on a 

submarine. 

' I'c ný'ctl 

1 ̀igure 1. l: Submarine sonar arrays 

The advancements made in component technology for communication systems allowed the 

reliability of the electronic portions of the sonar arrays to be significantly improved. Although 

much work before and after the Second World War was focused on active sonar systems 

(which use ranging techniques in the ultrasonic region to localise targets), the need for longer 

detection ranges and covert operation generated the need for fully, passive systems operating in 

the sub 10 kFiz acoustic frequency region, where absorption in the ocean is low. Operation at 

these frequencies generally requires a large array aperture with a large numbers of sensors in 

order to achieve an adequate spatial resolution. 

As improved platform design brought about reductions in acoustic signature levels, the sensor 

self-noise limited resolutions were correspondingly improved. By the l970's, acoustic sensing 

systems had reached near ideal performance, with sensor self-noise some way below the noise 
levels due to ambient acoustic noise in the ocean in the quietist of sea conditions. At this time, 
hvdro>phones were based on piezo-ceramic materials such at Lead '/, irconate '1'itanate (PZT); 
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the ceramic nature of these materials means that they can be moulded into the required shape. 

These materials are still used in most of today's sonar arrays. Fully digital signal processing was 

also incorporated, in the late 1960's, to handle the huge amounts of data generated in the larger 

systems. The reliability of both the array (wet end) and signal processing (dry end) portion of 

these systems had become reasonably good. However, the failure of hydrophones due to water 

ingress can be a problem even in some modern systems. Repair of platform mounted systems, 

in particular, usually requires the vessel to return to dry dock and as a result is generally a costly 

and time consuming exercise. 

The exact specification of an individual system is dependent on the application, but the range 

of the basic specification for many passive sonar systems is shown in table 1.1. 

Table 1.1: Range of requirements of a passive sonar array 

Parameter Typical Requirement 
Frequency range 5 to 10 000 Hz 
System noise floor Equivalent to `deep sea state zero' 
Dynamic range up to 106 
Number of hydrophones 100 to 10 000 
Operating depth down to 500m 
Survival depth down to 1000m 

The frequency range of interest for most passive sonar systems is below 10 kHz with a pressure 

resolution equivalent to the background environmental acoustic noise. This has been 

empirically quantified by `sea state' curves, which are discussed more in the next chapter. The 

dynamic range required is around six orders of magnitude, measured relative to the noise floor. 

Operational arrays may contain up to 10 000 sensors, but more typically contain between 500 

and 1000 sensors. They are usually expected to operate at depths of down to 500m. 

The use of a fibre optic interferometer as an acoustic sensor was first demonstrated in the late 

1970's [1.3-5] and what started as a research interest developed into a significant military effort 

into the development of all aspects of interferometric fibre optic sensor arrays. Indeed, this 

early research effort represented the first major application of single-mode fibre optics; at this 

time, all optical fibre communication systems were based on multi-mode fibre optics [1.6]. The 

main perceived advantages of the fibre optic hydrophone array over the conventional piezo- 

ceramic sensor array are: (i) an electrically passive array, (u) a multiplexing capability using fused 

fibre devices resulting in reduced complexity of the wet-end array, (iii) immunity to electro- 

-3- 



1- Introduction and historical background 

magnetic interference and (iv) the potential for lightweight, low volume arrays. It is interesting 

to note that no significant performance advantage was expected from a fibre optic array, since 

the conventional array had already demonstrated near ideal performance, but the main 

advantages lay in reduced size, weight and improved reliability. One of the main challenges in 

the early development of fibre-optic systems was to demonstrate comparable performance with 

the piezo-ceramic based array technology. 

During the 1980's a number of the key performance requirements from the fibre-optic 

hydrophones were demonstrated. Much of the work focused on developing passive 

interrogation techniques for fibre interferometers (thus removing the requirement of active 

components in the interferometer arms), sensor multiplexing, methods to overcome 

polarisation induced signal fading and characterising the fundamental noise mechanisms arising 

in interferometric sensors. Perhaps some of the notable milestones in the development of 

optical fibre hydrophone technology were: (i) achievement of sub-microradian phase resolution 
in a Mach-Zehnder interferometer [1.7-8], (u) demonstration of a polarisation diversity 

technique for overcoming polarisation induced signal fading [1.9], (iii) successful at-sea 
deployment of a multiplexed hydrophone array [1.10], (v) demonstration of a high responsivity 

air-backed compliant mandrel hydrophone [1.11], and (vi) deployment of ultra-low noise 
hydrophones in the Arctic which achieved pressure resolutions up to 30 dB below deep sea 

state zero [1.12]. Since these developments, a number of military programmes were initiated, 

mainly in the US, to alow a transition of the technology into service. During the 1980's and 

early 1990's an all fibre optic towed array (AOTA) and a lightweight planar array (LWPA) 

(submarine mounted Flank array) were demonstrated [1.13-14]. 

At the end of the Cold War, the main focus of underwater acoustic surveillance systems 

changed and military interest refocused on shallow water operations and the associated shallow 
water surveillance systems. Applications of fibre-optic hydrophone arrays were then identified 

as remotely interrogated arrays. A typical configuration is shown in fig. 1.2. 
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Figure 1.2. " Remotely deployed 
. aurt'e111ance arrays 

The array may be mounted either vertically or horizontally on the sea-bed and be tethered 

either to a surface ship or shore monitoring station. One of the first demonstrations of a 

remotely interrogated surveillance array was reported in the [IS [1.151 which comprised a 64 

hydrophone array, with the potential for expansion to 256, using tour DFB semiconductor laser 

sources. A similar system, with 32 hydrophones, was also demonstrated in the tIK 11.161. At 

this stage, the systems had demonstrated reliability and performance and included most of the 

components necessary for a full-scale system such as digital demodulation, polarisation control 

and optical amplifier technology. However, scope for improvement still existed in areas such as 

multiplexing architecture, laser source technology and remotely pumped amplifier technology 

and these form the main theme of this thesis. Since the mid-1980's when the erbium doped 

fibre amplifier (EDFA) was first demonstrated [1.17], this technology has found widespread use 

in fibre-optic communication systems. Although the concept of wavelength division 

multiplexing has existed for some time, the use of dense wavelength division multiplexing in 

communications systems (where the spacing between adjacent wavelengths is typically less than 

about 2 nm) has generated intense research efforts in both academic and industrial 

organisations to develop component and system technolo , rye. 'T'his has been driven by the 

demand for low cost upgrade of existing fibre-optic communications networks and significantly 

increased bandwidths of newly installed systems 11.18-191. Borth of these technu>logics can he 

incorporated in the optical hydrophonc system, to provide an increase in the number of 
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hydrophones and the link lengths between the array and interrogation electronics. Another 

technology that has developed from the EDFA is the erbium doped fibre laser. These devices 

emerged at roughly the same time and developments in component technology and 

improvement in doped fibre design have assisted the development of efficient fibre laser 

devices. 

Of particular interest to the interferometric sensor application is the single-mode DFB fibre 

laser: a device with the potential to exhibit an extremely narrow linewidth (and hence high 

coherence length), moderately high output power, compatibility with the transmission medium 

and low sensitivity of the emission frequency to temperature. Although these devices have been 

demonstrated as potential sources for communication systems and sensor applications, 

surprisingly little work has been presented on optimising their performance for the 

interferometric sensor application. Incorporation of these technologies into the optical 

hydrophone system will permit larger arrays interrogated though a small number of fibres (2-3), 

though longer link lengths possibly with improved sensor resolution than that achieved with 

current systems using semi-conductor DFB lasers. 

1.2 Thesis Objectives 

At present, for single-wavelength optical hydrophone systems using time division multiplexing 

only, the maximum number of interferometric sensors that can be interrogated through two 

fibres (one launch and one return fibre) is between 32 and 64. This is limited by the 

requirements of interrogation rate and launch power restrictions. The maximum distance 

between the array and interrogation electronics (referred to later as the link length) is between 

40 and 50 km, dependent on the fibre attenuation. By incorporating dense wavelength division 

multiplexing and remotely pumped amplifier technology, we aim to demonstrate experimentally 

a novel architecture and theoretically predict the performance of sensors and, in particular, 

determine the dependence of the sensor phase resolution on the total number of sensors and 

link length. We also aim to characterise fully a new laser source technology, based on DFB 

erbium fibre lasers, incorporating novel noise reduction techniques. The narrow emission 

linewidth exhibited by these lasers, compared with the semi-conductor DFB may result in 

improved sensor resolution in systems with unbalanced interferometers. We shall show how an 

inertial mass based device can be configured as an acoustic sensor and illustrate the potential 
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advantages of such a sensor, when combined into a large array, in terms of the ability to locate 

the source of acoustic emission. Therefore, we shall demonstrate a fibre-optic vector sensor 

based on a flexural disk-based accelerometer and derive an accurate model that will allow the 

design of the sensor to be fully optimised for performance. Also, we shall present a technique 

to enhance the response to pressure and temperature of an in-fibre Bragg grating using 

compliant coatings. We also show how this may be used to develop a high performance 

acoustic sensor using an in-fibre laser. 

1.3 Thesis Outline 

The thesis is split into four parts. Each chapter forms a self-contained piece of work and can be 

read independently. However, some background material on which later chapters build is 

contained in the review chapter. Chapters 2,3,4,5 and 7 contain re-edited transcripts of 

published work and chapter 6 builds on the model derived in chapter 5. 

In the first part (chapter 2) we review acoustic propagation, all aspects of fibre-optic 

interferometric sensors and multiplexing, noise properties of the EDFA and include a brief 

discussion on the in-fibre Bragg grating (which we use as a sensor in chapter 4). We also review 

the basics of the piezo-ceramic sensor based sonar arrays and phased array techniques. The 

second part (chapters 3 and 4) is devoted to sensor design. In chapter 3 we shall present a fibre- 

optic flexural disk-based accelerometer and describe a detailed model that allows the sensor 

design to be optimised for performance. We show in chapter 2 how these can be used as an 

acoustic vector sensor by sensing the particle displacement associated with an acoustic wave. In 

chapter 4 we shall present an in-fibre Bragg grating based temperature and pressure sensor 

using compliant coatings to enhance the axial strain induced in the fibre. The third part 

(chapters 5 and 6) is devoted to sensor multiplexing. In chapter 5 we present novel multiplexing 

architectures based on time and dense wavelength division multiplexing. We also present results 

from an experiment to demonstrate the concept and derive a noise model to determine the 

sensor resolution and dynamic range. In chapter 6 we determine the restrictions imposed on 

the launch powers in wavelength division multiplexed systems due to nonlinear effects in the 

launch fibre. We derive models to predict the phase resolution achieved in systems with 

different configurations of optical amplifiers and finally determine the relationship between the 

number of sensors and link length for these types of system. The fourth part (chapters 7 and 8) 

is devoted to the development of the DFB fibre laser source. In chapter 7 we characterise the 
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DFB erbium fibre laser for the interferometric sensor application and present techniques based 

on active electronic feedback to suppress excess intensity and frequency noise in these devices. 

In chapter 8 we present experimental data demonstrating the dependence of the laser relaxation 

oscillation frequency on the doped fibre and grating design and determine the mechanisms that 

give rise to the observed levels of intensity noise. Finally, in chapter 9 we summarise the main 

achievements and indicate areas of possible future research. 
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Part I 
Review 

Chapter 2 

REVIEW OF SUB-SEA HYDROPHONE ARRAYS AND INTERFEROMETRIC 
FIBRE-OPTIC SENSOR TECHNOLOGYr 

Abstract - In this chapter we review the various aspects of fibre-optic interferometric acoustic 

sensor systems. We also include a discussion on the fundamental principles and noise 

properties of the erbium doped fibre amplifier and on the in-fibre Bragg grating. 

2.1 Introduction 

In this chapter, we shall provide a review of material relevant to the interferometric fibre- 

optic optic acoustic sensor and the in-fibre Bragg grating sensor. For historical interest it is worth 

noting that some of the earliest work on fibre optic acoustic sensing investigated techniques 

other than interferometric, for sensing acoustic fields using fibre optics. Techniques based on 

modulation of polarisation (i. e. birefringence) [2.1,2.2] and intensity [2.3] were investigated as 

well as using fibre devices such as evanescent wave couplers [2.4] and single fibre 

interferometers [2.5]. Some of these techniques appear promising, for example, by modulating 

the polarisation or intensity of an optical signal, only one fibre is required for the sensor. When 

incoherent detection is used, as in the case of the intensity modulated sensor, effects such as 

polarisation induced signal fading are not observed. However, for a high performance 

application such as the optical hydrophone, the fibre interferometric sensor is the most 

promising candidate to achieve the requirements of high resolution, high dynamic range and an 

efficient multiplexing capability. Predictions of the acoustic pressure resolution of an 

interferometric sensor made in early work on the subject were based on shot noise limited 

detection [2.6]. Although shot noise limited detection is achievable in carefully designed single 

sensor systems at frequencies above a few tens of kilohertz, to date it has not been 

demonstrated in multiplexed systems at frequencies below a kilohertz. However, the 

t'This chapter contains excerpts from the book section "Optical fibre hydrophones" to be 
published in the "Handbook of Laser Technology' IOP Publishing, 2002, chap. D2.5 
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development of transducers with high mechanical amplification has permitted the pressure 

resolution required in sonar systems to be achieved. 

We first provide a summary of the fundamentals of acoustic propagation in gases and liquids 

and sound at interfaces and then discuss the origin and spectra of ambient noise in the open 

ocean. This is followed by a discussion on the basic concepts of conventional acoustic sensor 

technology based on piezo-ceramic materials. In section 2.6 we derive the basic low frequency 

responsivity equations for fibre-optic acoustic transduction in water and air and then discuss 

some of the fibre-optic hydrophone designs that have been demonstrated to provide 

mechanical amplification of the pressure induced strain in the fibre. This is followed by a 

discussion on fibre-optic acoustic vector sensor designs. In section 2.7 we present a basic 

analysis of the fibre-optic Mach-Zehnder interferometer and discuss alternative interferometer 

configurations in section 2.8. In section 2.9 we discuss the various active and passive techniques 

developed to overcome the signal fading problem, and then describe the noise sources that can 

degrade the phase resolution. In section 2.10 we describe the most established multiplexing 

techniques based on frequency, time and wavelength division multiplexing. This is followed by 

a discussion on dynamic range and digital demodulation in multiplexed systems. In section 2.11 

we describe the phenomenon of polarisation induced signal fading and discuss techniques to 

overcome this type of fading. In section 2.12, we provide a general discussion on obtaining low 

noise performance from multiplexed systems. Moving away from the subject of the 

interferometric sensor in section 2.13, we describe the noise properties of erbium doped fibre 

amplifiers and finally in section 2.14 we describe the basics of the in-fibre Bragg grating which 

we shall use as a sensor in chapter 4. 

2.2 Acoustic Wave Propagation in Gases and Liquids 

Acoustic waves arise from pressure disturbances that can propagate in a compressible medium. 

The acoustic wave generates adjacent regions of compression and rarefaction, which causes 

increases and decreases in the localised pressure relative to the ambient pressure. In an inviscid 

fluid (i. e. zero viscosity), the molecules move in the direction of propagation of the acoustic 

wave and the restoring force responsible for the propagating waves is simply the force 

generated when the medium is compressed or expanded. Acoustic wave propagation in gases 

and liquids is governed by the linearised acoustic wave equation [2.7], 
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2 

V2p =c1 örp 
(2.1) 

where V2 is the Laplacian operator equal to a2/ax 2+ a2 / aye + a2 / az2 ,c is the sound speed in 

the medium, and P is the pressure (the pressure can be divided into a static part, Po, and a 

harmonic part, P. We drop the static part from here onwards). (2.1) is derived by combining. 

(i) the equation of state, which relates the internal restoring forces of the molecules in the 

medium to the corresponding deformation; (fi) the equation of continuity, which is determined 

by the requirement that the net rate at which mass flows into a volume is equal to the increase 

in mass within the volume; and (iii) the linearised Euler equation, which applies Newton's 

second law to a volume element. In determining these equations, one assumes that the density 

changes are small such that if po is the constant equilibrium density of the medium and p is 

the instantaneous density, then (p0 - p) / po «1 and that acoustic processes are nearly adiabatic, 

in that there is insignificant exchange of thermal energy between one molecule and another. 
Thus, no energy is lost due to thermal conduction from the regions of pressure change. The 

linearised Euler equation (or linear inviscid force equation) provides the relationship between 

the pressure and particle velocity, u, 

'°° a- -VP 

where Del, Y, is the vector operator equal to a/ axi +a/ ay j+a/ azk . Considering the simplest 

case of a one dimensional acoustic plane wave propagating in the x direction then from (2.1), 

a2P alp 
ax c2 at Z 

(2.3) 

which for a sinusoidal disturbance has a general solution given by, 

P(x, t)=Pexp(i(wt-kx))+PZexp(i(cvt+kx)) (2.4) 
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where k (= ol c) is the wavenumber and P,, PZ represent the forward and backward 

propagating waves; in an unbounded medium PZ =0. From (2.2), the one dimensional form of 

the linear inviscid force equation is given by, 

au aP 
(2.5) 

'°° at ax 
Using (2.2) and (2.4), the particle velocity is given by, 

Po-- 

[---exp(i(wt 
- kx)) - Poe 

exp(i(cvt + kx)) x (2.6) 

which exists only in the direction of propagation. The relationship between the pressure and 

particle velocity is then given by (2.4) and (2.6) such that, 

P= 
Poc = Z. (2.7) 

which is known as the characteristic impedance, Z0, of the medium for a plane wave. We can 

conclude from this simple analysis that detection of an acoustic wave can be achieved either by 

measuring the pressure or the particle displacement, velocity or acceleration. 

Knowledge of both the pressure and particle velocity allows one to determine the acoustic 

intensity of a sound wave, which is defined as the average rate of flow of energy through a unit 

area normal to the direction of propagation. Since the instantaneous rate at which work is done 

by an element of fluid on an adjacent fluid clement is the product of pressure and particle 

velocity, the acoustic intensity is thus the time average of this quantity such that, 

I= (Pu) (2.8) 

where () denotes the time average over a period longer than the acoustic wave period. For a 

plane wave travelling in the positive x direction, the acoustic intensity is therefore, 
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1+=2 
p2 

(2.9) 
Pc a 

It is also instructive to investigate what happens to the pressure and particle displacement in an 

acoustic field near a boundary; it is common to mount sensors on some form of support, which 

itself will perturb the acoustic field surrounding the sensor (such that free field conditions will 

no longer apply). Consider the boundary shown in fig. 2.1, where the incident, reflected and 

transmitted waves are denoted p,, p, and p, respectively. The amplitude reflection and 

transmission coefficients are defined as R=p, / p, and T=p, / p, respectively. If we define the 

boundary as being at x =0 then, the boundary conditions are derived from the requirement of 

continuity of pressure and particle velocity at the boundary such that, 

Pi+Pr=P, (2.10 

and 

ui+u, =u, at x=0 (2.11) 

Zo = poco Zi = pica 
. 

" Pt 
Pr " 

. 

x=0 
Figure 2.1: Acoustic wave at a boundary 

Using (2.4) yields the reflection coefficient at normal incidence in terms of the impedance of 
each region, 

R_Zo-Z, 
Zo + Zl (2.12) 

When the impedance of region 1 is much greater than that of region 0, such that z, . z0 then 

R =1 and using (2.4), the pressure at the boundary is thus twice the incident pressure. It follows 
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from (2.6) that the particle velocity at the boundary is zero and for this reason this type of 

boundary is referred to as rigid Conversely, when z, < zo then R= -1 and the reflected wave is 

inverted in phase by ir such that the pressure at the boundary is now zero, and the particle 

velocity is double the incident particle velocity. This type of boundary is known as pressure-release 

or soft. 

2.3 The Phased Array Concept: Beamforming 

The aim of a passive sonar array is to extract acoustic signals, originating from any direction, 

within a background of ambient noise. An ideal point source hydrophone will exhibit a 

response independent of direction (. e. omni-directional), however a hydrophone with a finite 

size will exhibit some degree of directionality. A hydrophone with dimensions much smaller 

than the wavelength of the acoustic signal will generally exhibit a response nearly independent 

of direction and can be considered to be omni-directional. It is thus necessary to apply some 

form of signal processing in order to discriminate between the signal and the noise. Usually, 

this process must be carried out without prior knowledge of the form of the signal to be 

detected (i. e. tonal or broadband, pulsed or cw). One technique, known as beamforming, is 

based on spatial filtering using an array of sensors and allows both the direction of the signal to 

be determined and a level of gain to be applied only to the signal of interest, thus providing an 

improvement in signal-to-noise ratio [2.8]. The concept is best illustrated by an example. An 

ideal line array of length 1 and zero width, is shown in fig. 2.2(a), 

0 

-1/2 
dx 

-r" 
" +1/2 

x 

Figure 2.2: (a) Ideal continuous line array and (b) Discrete line array 

where the responsivity of the line array as a function of position, x, is given by T(x). 

Assuming the incident pressure field is composed of plane waves, the phase of an incident 

acoustic wave on the array as a function of angle of incidence is Kx where K=2; r /A " sin 0 

and A is the acoustic wavelength. The response of the line array, D(K), is thus given by 
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integrating the product of the instantaneous incident pressure and sensitivity of a small element 

of length dz, over the length of the array such that, 

+1/2 
D(K) =j T(x) cos(Wat - Kx)dx (2.13) 

-1/2 

If the sensitivity of a length element is T (x) = 1/ 1, then (2.13) becomes, 

1+u2 
D(K) = cos(Kx)dx = sinc(Kl / 2) (2.14) 

1-ui 

where we have dropped the time dependence. The resulting pattern is a sinc function, shown in 

fig. 2.3(a), with a 3dB `beamwidth" approximately equal to 1/1. 

1 
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KI/2 
Figure 2.3: Directivity of (a) continuous array 

Beamwidth' is defined as the angular width in radians of the main lobe in fig. 2.4 measured at the half-power points, i. e, when D(O) = 0.707. 
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Figure 2.3 (cont): (b) discrete array 

For an array operating at low frequency, it is impractical to have a continuous array (due to the 

large number of sensors required) and in this case the array would consist of discrete sensors, as 

shown in fig. 2.2(b). In this case the directivity is determined by replacing the integral in (2.14), 

with a summation of the response of each sensor. Thus, if there are N sensors, such that 

N= 2m +1 where m is either even, odd or zero, each with sensitivity 1/N then, 

1 °_+'° sin(NKd l 2) 
D(K) =NZ cos(Kad) =N" 

sin(Kd l 2) 
(2.15) 

where a identifies each sensor element. This is plotted in fig. 2.3(b) in terms of Kd / 2, for the 

case when N =9. A series of principal maxima (and potential directional ambiguities) now 

occur in the directivity pattern; however providing the Nyquist sampling condition is met, such 

that dS A/ 2, where A is the acoustic wavelength, these principal maxima occur outside the 

range of real values of 0 (. e. when Kd / 27r > 1). As the element spacing approaches the 

acoustic wavelength, then these maxima occur within the range of real incident angles and thus 

introduce an ambiguity in the directivity pattern; a result of aliasing of the incident acoustic 

signal. Shown in fig. 2.4(a) and (b) are the directivity patterns of the discrete sensor line array in 

polar form for the cases when N =9 and d= A/2 and d=A respectively. 
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Figure 2.4: Directivity vs. angle of incidence 

When the Nyquist condition is met, the directivity response has only a single ambiguity, due to 

the cylindrical symmetry of the line array, i. e. the sound source may He anywhere in the region 

swept out by the directivity pattern as it is rotated about the x-axis of the line array. However, 

when d=A principal maxima also occur at 0 =±90° and unless the range of the incident angle 

of the acoustic wave is known to be -450 <0< 45°, then the Nyquist condition must be met 

to avoid direction ambiguity. 

We can now determine the relationship between the signal-to-noise ratio (SNR) from the array 

compared with that returned from a single sensor. Assuming that the sensor noise is dominated 

by ambient acoustic noise and this noise is isotropic and incoherent over distances less than the 

sensor spacing then the signal power is proportional to, 

2 N1 
ýTa (2.16) 

where T. is the sensitivity of sensor a. The noise power is given by the incoherent addition of 

the noise from each sensor and is thus proportional to 

N 
ET2 

0 
a=l 

N=9 
330 d=A 
X 

300 

(2.17) 

Thus, the improvement in SNR due to the beamforming process is proportional to N and is 

known as the array gain. However, this is only the case if the noise is isotropic and incoherent. If 

N=9 
330 d=A/2 I 

0.8 

300 0.6 

0.4 

0.2 

270 0 0 
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a component of the sensor self-noise (i. e. that is non-ambient acoustic in origin) is coherent 

over the time scales associated with the interrogation rate of a multiplexed sensor array, then 

the improvement in SNR calculated above may not be achieved. This can seriously degrade the 

performance of acoustic arrays when beamforming is used. Some noise components in the 

fibre-optic interferometric sensor array are generally coherent (such as laser frequency noise). 

Careful attention must be paid to reducing sufficiently this noise source to avoid severe 

degradation of the array gain achieved by the beamforming process. 

2.4 Environmental Acoustic Noise in the Ocean 

The detection sensitivity of underwater acoustic arrays is dependent on the ambient acoustic 

noise level in the ocean. In general, the ocean is a continually changing environment, and the 

ambient noise level is dependent on a number of factors such as ocean depth, the acoustic 

properties of the seabed, the weather conditions, shipping levels and seismic activity. For 

specifying the sensor performance, one is generally interested in characterising the lowest 

ambient noise levels to ensure that the sensor noise is designed to be some way (usually 10 dB) 

below this. For this reason a number of measurements were taken around 1960, to characterise 

the ambient acoustic noise observed in the deep ocean for different levels of shipping traffic 

and different weather conditions [2.9]. The causes of the noise observed generally contribute 

over different frequency ranges and these are indicated at the bottom of fig. 2.5. 
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Figure 2.5: Spectra of open ocean ambient noise 
This data led to the empirically determined sea state curves. Deep sea state zero (DSSO) is 

expressed as a sound pressure level spectral density (SPL)2 in dB re 1 LPa. Hz"'12 as, 

DSSO = 90 -16.65 log f (2.18) 

where the unit Hz1'2 specifies a power measurement bandwidth of 1 Hz. We shall use this 

curve to characterise the dynamic range of sensors in chapter 5. 

2.5 Conventional Sensor Technology 

2.5.1 Acoustic sensors: scalar and vector 
A transducer, by definition, converts energy from one form to another; and a device that 

converts underwater sound into an electrical signal is called a hydrophone. Materials that have 

found practical use in underwater acoustic sensors are piezoelectric, magnetostrictive and 

2 Recall that sound pressure level, SPL = 201og(. P1IuPa), whereby convention the standard sound reference level is 1 
µPa. 
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electrostrictive. A strain applied across a piezoelectric material causes a surface charge to be 

generated, which is linear with the applied strain providing the strain is within the elastic limit of 

the material. This provides a means of converting an applied pressure into an electric voltage. 

When a strain is applied across an electrostrictive or magnetostrictive material, the charge 

generated is proportional to the square of the applied strain. Transducers based on these 

devices thus require a polarising field to be applied across the material in order to obtain a 

linear response for small signals [2.10]. For this reason, most underwater acoustic sensor arrays 

use piezo-electric materials as the sensor elements. In a piezo-ceramic hydrophone, either the 

charge, Q, or voltage, v, can be measured; the two quantities are related though the equation, 

Q= Cv 
, where C is the capacitance. In a hydrophone array, it is necessary to amplify the 

sensor signal prior to transmitting to the processing electronics and this is usually done with an 

amplifier placed near to the transducer. 

Measurement of pressure due to an acoustic signal requires the transducer to be designed with 

the required selectivity to distinguish between the pressure and particle displacement 

components. Most pressure measuring hydrophones rely on the high inertia of the device to 

ensure that motion of the sensor, in the presence of the acoustic field, is minimal. Also the 
device may be designed to exhibit low response to external vibration. Conversely, a device to 

measure the particle velocity must be designed with neutral buoyancy and a low response to 

external pressure changes. 

Devices that measure mechanical vibration are based on the simple harmonic oscillator and can 
be modelled as a mass-spring resonator [2.11]. The inertial force and hence the responsivity of 

such a device is governed by the inertial mass and spring stiffness; and the bandwidth is 

determined by the fundamental resonance of the oscillator. Measurement of the relative 
displacement between the case and the inertial mass yields the acceleration at frequencies below 

the fundamental resonance and displacement of the case at frequencies above the fundamental 

resonance. The relationship between displacement, velocity and acceleration is given by the 

simple harmonic motion relations for a sinusoidal excitation of frequency o), 

c= `I' cos(wt) (2.19) 

u =-`I'wsin(cot) (2.20) 
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A= -'Fwv2 cos(wt) (2.21) 

where ý is the displacement and A is the acceleration. Devices operating above their 

fundamental resonance are called seismometers or geophones and typically measure the relative 

motion of the case using a magnet as the seismic mass and measuring the voltage generated in a 

coil fixed to the case, as shown in fig. 2.4(a). The voltage generated is proportional to the rate at 

which the magnetic flux lines are cut, and is thus proportional to the velocity of the case. The 

relationship between the spring stiffness and the mass is set such that the fundamental 

resonance is low, typically less than about 50 Hz. Devices operating below their fundamental 

resonance are called accelerometers and typically measure the voltage generated by a mass 
loaded piezoelectric material as shown in fig. 2.6(b). 

MAGNET MASS . 

Pte 

Figure 2.6: (a) Moving coil seismometer and (b) Piezoelectric accelerometer 
The stiffness of the piezoelectric material results in a high fundamental resonance; up to 50 
kHz in some devices. 

Hull mounted sensors (such as the Flank and Bow array in fig. 1.1) are mounted on a structure 
known as a baffle. For measurement of acoustic pressure a rigid baffle is used; at the surface of 

which, the pressure associated with the acoustic signal is double the incident pressure and the 

particle velocity is zero. For some applications, it is desirable to mount the sensor on a 
pressure-release baffle. In this case the particle velocity must be measured, as described in 

section 2.2. The sensor must be neutrally buoyant and small compared with the wavelength of 
the acoustic signal to be measured. Acoustic particle velocity sensors is currently an area of 
active research and the reader is referred to the most recent review on related work for further 
discussion [2.12]. 
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2.6 Fibre-Optic Acoustic Transduction 

When a single-mode optical fibre is located within an acoustic field, the pressure and 

temperature fluctuations associated with the wave propagation generate strain within the optical 

fibre. The total phase of an optical beam propagating through the fibre will thus be modulated 

in proportion to the magnitude of the pressure and temperature fluctuations. 

By considering a length of fibre, 1, the total phase of the optical signal propagating through the 
fibre, 0, is given by, 

O=nkl (2.22) 

where n is the effective refractive index of the fibre mode (which can be roughly approximated 

to the refractive index of the fibre core) and k is the free space propagation constant equal to 

2Jr/Ao and' is the optical wavelength in a vacuum. Differentiation of (2.22) and rearranging 

yields [2.6], 

0O = nk01 + 10(nk) = nkOl +ll kAn +a 
ää) 

Aa1 (2.23) 
lJ 

where a is the core diameter. It was shown in [2.131 that the `waveguide dispersion' (last) term 
in (2.23) is negligible and thus (2.23) can be expressed as, 

LO - 
_Ol+An (2.24) 

Thus, the phase of the optical signal is affected by a physical length change of the fibre, At, and 

a change in refractive index of the fibre, An, due to the stress-optic effect. If we assume that 

the sensor fibre occupies a region with a maximum dimension of, SZ, then to determine the 

acoustic sensitivity of optical fibre it is appropriate to define three separate frequency regimes: 
(i) low frequency where the acoustic wavelength, A, is much greater than SZ; (ii) intermediate 
frequency where A-Q; and (iii) ultrasonic where A is less than the fibre diameter, d. We shall 
concentrate our discussion here on the low frequency region, which is most relevant to the 

sonar application and consider the case of detection of acoustics in water. When A» S2, the 
effect of the mismatch in impedance between the fibre and the water is negligible (the acoustic 
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2.6 Fibre-Optic Acoustic Transduction 

When a single-mode optical fibre is located within an acoustic field, the pressure and 

temperature fluctuations associated with the wave propagation generate strain within the optical 
fibre. The total phase of an optical beam propagating through the fibre will thus be modulated 
in proportion to the magnitude of the pressure and temperature fluctuations. 

By considering a length of fibre, 1, the total phase of the optical signal propagating through the 
fibre, 0, is given by, 

=nkl (2.22) 

where n is the effective refractive index of the fibre mode (which can be roughly approximated 

to the refractive index of the fibre core) and k is the free space propagation constant equal to 

22r/AD and A is the optical wavelength in a vacuum. Differentiation of (2.22) and rearranging 

yields [2.6], 

0o = nkOI +ID(nk) = nktll +l l kEn+ 
3(n ) is (2.23) 

where a is the core diameter. It was shown in [2.13] that the `waveguide dispersion' (last) term 

in (2.23) is negligible and thus (2.23) can be expressed as, 

DO - Ol An 
=-+- (2.24) 01n 

Thus, the phase of the optical signal is affected by a physical length change of the fibre, Al, and 

a change in refractive index of the fibre, An, due to the stress-optic effect. If we assume that 

the sensor fibre occupies a region with a maximum dimension of, SZ, then to determine the 

acoustic sensitivity of optical fibre it is appropriate to define three separate frequency regimes: 
(i) low frequency where the acoustic wavelength, A, is much greater than SZ; (n) intermediate 
frequency where A-0; and (iii) ultrasonic where A is less than the fibre diameter, d. We shall 

concentrate our discussion here on the low frequency region, which is most relevant to the 

sonar application and consider the case of detection of acoustics in water. When A» Q, the 

effect of the mismatch in impedance between the fibre and the water is negligible (the acoustic 

-23- 



2- Review of sub-sea hydrophone arrays and interferometric fibre-optic sensor technology 

field is effectively unperturbed by the presence of the transducer) and the fibre is effectively 

subjected to a hydrostatic variation in ambient pressure. This is straightforward to realise in 

practice if we note that in water the sound speed, c =1500m. s"1 and A =1.5m at 1 kHz and 

A =15m at 100Hz. In air, the sound speed, c=334 ms-1 and the wavelength at 1kHz and 

100Hz is 0.33m and 3.3m respectively. A typical transducer maximum dimension is less than 

0.1m. The sensor thus responds to the variation in ambient pressure of the surrounding 

medium. In this case the second term in (2.24) is determined by the optical indicatrix, 

0(1 / n2) = prktekt (2.25) 
k,! 

where pju are the Pockels coefficients and E. are the strain components. For the case when 

A» SZ 
, there are no shear strains generated in the fibre, thus using cylindrical co-ordinates and 

contracted notation (2.24) becomes, 

0. 
= EZ -22n 

[(Pll + P12) Er + P126z ] (2.26) 

Note that the effect of the refractive index contribution to the total phase-shift is to reduce it 

slightly. We shall show in section 4.2 that for a bare fibre under hydrostatic boundary 

conditions, the induced strains are isotropic and e, = 6, = -(AP. / E)(1 - 2v), where AP, is the 

pressure change, E and V are the Young's modulus and Poisson ratio of the fibre respectively. 
Thus (2.26) reduces to, 

AO 
_ 

(2y-1) n2 
-- E 

1' 2 (Pii+2P1z) (2.27) Wo 

and the reduction in responsivity due to the refractive index contribution is approximately 70%, 

using the data in table 2.1. For a fibre under axial strain only (2.27) becomes, 

A6 
=(, _n2 

r(1-v)P12+VP»ý (2.28) 
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and the reduction in responsivity due to the refractive index contribution is approximately 21% 

[2.13]. The pressure change associated with an acoustic wave is also accompanied with a 

temperature change due to the adiabatic expansion and contraction process. When a fibre is 

used as a sensor in air, this temperature change dominates the sensitivity at low frequency and 

must be included in the responsivity equation. At sufficiently low acoustic frequency, the 

temperature change at the fibre core can keep up with the temperature change at the fibre 

surface and the temperature induced phase-shift will dominate the sensitivity. This temperature 

change is related to the pressure change by [2.6], 

E TP - 
(r3 -1) AP 

(2.29) 
rs Tip, 

where yJ is the ratio of specific heats, Ki is the isothermal Bulk modulus of the medium and 

, 8,, is the volume expansion coefficient of the medium. The temperature sensitivity of a bare 

fibre is given by [2.6], 

2 AO 
_ 

1än 
+1 ET _n 1i+P1zýý. +Plzez 12.30) 

OAT n öT 
p 

AT Z2 

where the subscript p in the first term specifies constant density. For a bare fibre and 

assuming the mechanical properties of the core and cladding materials are the same, then the 

thermally induced strains are, 6, = 6Z =s+ aAT. Thus (2.30) reduces to, 

AO. _2 
OT n aT +a 1- 

2 
(P, 

i +2P, 2) (2.31) 
P 

For standard telecom fibre, the first terms dominates the temperature responsivity thus, 

AO 1än 
OAT _n äT 

p 
(2.32) 

For quasi-dc acoustic signals, the fibre responsivity is therefore given by substituting (2.29) into 
(2.32) such that, 
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0_1 an ys -1 1 
(2.33) 

P oc~nT y, Kß 

A range of values have been used in the open literature for the material parameters of fibre and 

we summarise the most commonly used values in table 2.1. 

Table 2.1: Materialparameters 

Parameter Symbol Value Reference 
Fibre 
Young's modulus E 72 GPa [2.6] 
Poisson ratio v 0.17 [2.6] 
Temperature coefficient 1a 0.68x 10-5 K1 [2.14] 

.., 'p 

1 dDn 
0. 93 x 10-5 K1 [7.40] 

nP 

Thermo-optic coefficient 
anj 

n aT +a 
P 

0.52x105 K' [2.15] 

Linear thermal expansion a 10.2x 10"7 K1 [2.14] 
coefficient 
Refractive index of core n 1.465 [2.6] 
Pockels coefficient p11 0.121 

P12 0.27 
Thermal diffusivity 0.82x10' m2s-' [2.53] 
Thermal conductivity K, 1.37 W. (mK)-1 [2.53] 

Water 
Ratio of specific heats in yf 1.001 [2.6] 
water 

Air 
Isothermal bulk modulus Kj 105 Pa [2.6] 
Ratio of specific heats in air 1.4 [2.6] 
Volume thermal expansion 
coefficient 

Qý 11T 

This allows us to determine the responsivity of a bare fibre in water and in air. In water, the 

ratio of specific heats, y3 -1 and the temperature induced phase-shift is small compared with 

the pressure induced phase-shift; the acoustic responsivity is therefore given by (2.27). Using 

the data in table 2.1, (0O/OAP)Water =-2.8x10-12 Pa 1. In air, the ratio of specific heats, y, - 1.4, 

K, = Po ,T =300K and from (2.29) AT I AP -0.9 mK. Pa'. Thus at low frequencies the 
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responsivity to pressure is given by (2.33), such that (A / OAP)air =5.8X10"9 Pä'. As the 

frequency increases, the finite thermal transfer time of the glass will cause the responsivity to 

fall, until it reaches the value given by (2.27). Also, if a compliant coating is applied to the fibre, 

the temperature induced phase-shift becomes negligible, due to the low thermal conductivity of 

most polymer coating materials; the coating effectively acts as a low pass filter to heat flux. 

However, the mechanical properties of these coatings will enhance the axial strain induced in 

the fibre under pressure and this forms the subject of chapter 4. 

2.6.2 Acoustic sensors: scalar 

The responsivity of the optical fibre sensor can be significantly enhanced if the fibre is 

incorporated into a structure that provides mechanical amplification of the measurand. In the 

case of the optical hydrophone, the transducer is designed to enhance the strain induced in the 

fibre by the external pressure. The responsivity of these devices is expressed in units of optical 

phase-shift per unit applied pressure, AO/OP measured in rads. Pa'. To allow comparison 

between different designs this can be normalised to the total phase, 0O/OP; however, this 

quantity must be used carefully since the overall stiffness and hence responsivity is also 

dependent on the fibre length. For the lengths of fibres used in most hydrophones, this effect is 

fairly small. 

Many hydrophone configurations have been proposed based on flexural disks [2.16-2.18], 

embedded mandrel [2.19-2.20], air-backed mandrel [2.21-2.24], planar [2.25] and ellipsoidal 
designs [2.26-2.27], which have all demonstrated significant amplification in the pressure 

responsivity. However, the maximum amplification is dependent on the maximum operating 
depth requirement of the hydrophone. The strain imposed on the fibre must not exceed the 

elastic limit of glass (-1% for fused silica) when the hydrophone is at its maximum operating 
depth. One design of optical hydrophone that has found application in prototype arrays is the 

air backed mandrel type, an example of which is shown in fig. 2.7. 
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Figure 2.7: (a) Air-backed mandrel hydrophone and (h) Cross-section though hydrophone 

In this configuration, the fibre is wound on a thin plastic cylindrical membrane that is 

supported at each end by a rigid mandrel. A small watertight cavity between the rigid mandrel 

and plastic membrane provides an air backing. The fibre and membrane arc protected with it 

coating of compliant polymer such as polyurethane or epoxy resin. The presence of the air 

backing thus results in a highly compliant structure. An external pressure will cause the radius 

and circumference of the fibre coil to contract generating axial strain in the fibre. In general, the 

enhancement in axial strain induced in the fibre dominates over the refractive index component 

and practical devices have been demonstrated toi provide around 50 dB of amplification 

compared with a bare fibre coil 12.241. The exact responsivity of the optical hvdro>phone is 

generally a complicated function of the elastic properties and dimensions of the mandrel and 

fibre and both analytical and finite element models have been developed toi predict the 

responsivity with accuracies within 2 dB (2.20,2.281. For 
it hydropho>ne in a Michelson 

interferometer with 100 m of optical fibre wound onto a 20 mm diameter mandrel, one can 

achieve responsivities typically within the range of 0.5 to I rad. Pa' at 1550 nm corresponding 

to JAo/ OAPj between 4 2XIO 1° Pa' and 8.4x1() "' Pa '. Another aspect of the design, which is 

important for certain applications, is to reduce the response of the sensor toi other physical 

perturbations not associated with the signal, such as vibration. A response from other effects 

will introduce an unwanted signal in the sensor output indistinguishable frotn noise, which will 

cause a degradation of the SNR. Reduced acceleration response optical hvdr<pimnes based on 

both the flexural disk [2.161 and the mandrel design 12.28 have hecn demonstrated. 't'hese are 

generally based on either designing the sensor such that the induced strain in the fibre due to 
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the unwanted signal averages to zero across the whole sensor fibre [2.28], or alternatively using 

both arms of the interferometer and operating the sensor in a push-pull arrangement such that 

common-mode rejection reduces the unwanted sensitivity and enhances the signal induced 

strain [2.16]. 

2.6.3 Acoustic sensors: vector 
Several designs of fibre-optic mechanical motion sensor have been demonstrated based on the 

principle of generating an inertial force between a seismic mass and the casing and converting 

this force into strain in an optical fibre, which forms part of the spring mechanism supporting 

the mass. In a practical device, one generally aims to achieve a high responsivity over a large 

bandwidth, thus the design of these sensors involves optimising the size of the inertial mass and 

stiffness of the supporting springs. The responsivity of these devices is expressed as an optical 

phase-shift per unit acceleration, 00/ DA in units of rads. g'' where g is approximately 9.8 m. s z. 

Some of the earliest devices demonstrated the principle using a mass suspended between two 

fibres as the arms of a fibre interferometer [2.29] or using a mass loaded compliant cylinder 

around which the fibre was wound [2.30]. Another device used the deformation induced in a 
liquid filled compliant cylinder around which fibre is wound, when exposed to the mechanical 

motion [2.31]. Some of the highest responsivity devices were reported in [2.32], which were 
based also on the mass loaded compliant mandrel design. These devices were demonstrated as 
both an accelerometer operating below the fundamental resonance frequency and as a 
displacement sensor operating above the fundamental resonance frequency. Responsivities of 

the order of 10° rad. g 1 with a bandwidth of 100 Hz for the accelerometer and 3500 rad. p. m 1 

for the displacement sensor with a seismic mass of around 500 grammes were reported. For 

application in underwater acoustics, the sensor must be made neutrally buoyant, thus a sensor 

more compact and lightweight is required. Such a sensor is based on the flexural disk and was 
first reported in [2.33]. In this device, the fibre is wound onto the surface of a flexible disk, 

which is either supported at the centre or edge. In the presence of mechanical vibration, the 
disk flexes imposing strain on the fibre. In this case, the inertial mass and spring stiffness is 

determined by the mass and elastic properties of the disk respectively. The fundamental 

resonance frequency is dependent on the elastic properties, dimensions and mounting 

conditions of the disk. This early device was demonstrated with a responsivity of 50 rad. g t and 
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a fundamental resonance frequency of 2.45 kHz. It is these types of sensor that we shall 
investigate in chapter 3 as potential fibre-optic acoustic vector sensors. 

2.7 The Interferometric Fibre-Optic Sensor 

To illustrate how a phase change can be measured interferometrically, we now analyse the fibre 

Mach-Zehnder interferometer, shown in fig 2.8(a), which forms the simplest interferometric 

sensor arrangement. 

Measurand 

Modulator - 

Reference ann 
y 

MctaVdielectric 
coating 

(a) Mach-Zehnder interferometer (b) Michelson interferometer 

LI 

(c) Sagnac interferometer (d) Fabry-Perot interferometer 
Figure 2.8: Fibre interferometer configurations 

The sensor arrangement comprises a laser, a twin-arm interferometer, and a photodetector 
(usually a photodiode). The optical circuit is assembled using single mode fibre to prevent 
modal interference. The light from the source is split into the two arms of the interferometer 

using a fibre directional coupler (a fibre analogue of the free-space beamsplitter), and 
recombined using a second coupler. The hydrophone consists of a length of optical fibre 
forming one arm of the interferometer that is exposed to the acoustic field to be measured, 
while the reference arm is shielded from the acoustic field. Path matching the signal and 
reference arms suppresses noise due to source frequency jitter; however in many practical 
sensors a small path imbalance may exist. For the hydrophone to exhibit an omni-directional 
response it is assumed that the acoustic signal has no spatial dependence. Thus, in general the 
hydrophone dimensions are much smaller than the acoustic wavelength. To analyse the 
interferometer we make some simplifying assumptions. We assume that the fibre exhibits zero 
birefringence, such that the fundamental LP01 mode is degenerate, and the electric fields can be 
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treated as scalars. In practical fibres, a small amount of birefringence is present, which lifts the 

degeneracy of the fundamental mode, giving rise to two copropagating orthogonal polarisation 

modes. Random variations in the birefringence will cause power to be coupled between the 

two polarisation modes, hence the state of polarisation (SOP) exhibits a spatial dependence, 

which leads to polarisation induced signal fading. We also assume that the source is purely 

monochromatic (i. e. infinite temporal coherence). We shall discuss the implications of 

polarisation induced signal fading and finite source coherence later. If the launched power is 

2P then the optical fields incident on the photodiode can be expressed as, 

E, = 2Pa, KiK2 "exp(i(w, t+O, )) (2.34) 

E, = j2Pa, (1-Kl)(1-K2) "exp(i(w, t+O, )) (2.35) 

where (% and Cr,, represent optical loss associated with the signal and reference arms 

respectively, Kl and KZ are the power coupling coefficents of the directional couplers, 0, and 

0, are the total phase of the signals from the signal and reference arms respectively and w, and 

Cv, are the optical angular frequencies. To allow us to treat the general case, we have allowed 

for an optical frequency shift in the reference arm, which can be generated by an acousto-optic 

modulator as shown in fig. 2.8(a). The total optical field is thus E,,, = E, + E, and the 

photocurrent is given by, 

iph =r(E: m-E ,} (2.36) 

where * denotes the complex conjugate and () indicates a time average over the detector time 

constant r is the photodiode responsivity in AW and r=e, 7 / by where e is the electron 

charge, q is the photodiode quantum efficiency (ratio of the number of electron-hole pairs 

generated for one photon absorption), h is Planck's constant and V is now the optical 
frequency. Evaluating (2.36) yields, 

iph =2Pr[a, xx2+a, (1-K, )(1-x2)+2 aa, x, x2(1-x, )(1-K2)cos(Owt+O, 
-or)] 

(2.37) 
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Thus, the amplitude of the interference term is dependent on the optical losses in the 

interferometer and the coupler split ratios. It will also be dependent on the coherence 

properties of the laser and the birefringence properties of the interferometer arms. For this 

analysis we shall include these effects by introducing a fringe visibility factor, V, where 
0: 5V: 51 and we shall return to the cause of these effects later. In practice it is possible to 

reduce the optical losses to near zero, hence a, = a, =1 and the interference term is maximised 

by setting K1=K2 =1/2, thus (2.37) reduces to, 

iph = rP[1±V cos(&ot+0, -O, )] (2.38) 

where isa. = tw, - w,.. When co, =o (i. e. AW = 0) the detection regime is referred to as' homodyne. 

However, if the optical frequencies were shifted relative to one another such that Aco > 0, the 

detection regime is referred to as heterodyne. In this case the phase signal is mixed onto an 

intermediate frequency (IF), LtU). This can be used as a means of remotely interrogating 

multiplexed interferometers and the techniques available to achieve this frequency shift will be 

discussed later. 

For the case when Aw=0, the output of the fibre interferometer will be proportional to the 

cosine of the phase difference between the received signals. Environmental effects on the 
interferometer arms due to changes in ambient temperature and pressure will cause a slowly 

varying phase drift that will prevent a higher frequency signal phase term from being linearly 

recovered. This is known as the fading problem in fibre interferometers and a passive signal 

recovery technique is thus required to extract the phase signal of interest. It is also shown in 

(2.37) that an ambiguity in the signal phase occurs when the phase-shift corresponding to a 

signal is over 22; r radians. Some form of fringe counting technique is therefore required to 

measure large phase-shifts. 

Finally, we note a useful property of the Mach-Zehnder interferometer, which arises due to the 
availability of two outputs from the second coupler. By consideration of conservation of 
energy, it is straightforward to see that the two outputs are complimentary (. e. phase-shifted by 

sr), which is shown in (2.38) by the sign of the cosine term. Thus assuming Dco = 0, then after 
detection the difference between the two outputs can be taken to remove the DC term. This 

-32- 



2- Reviere of sub-sea hydrophone arrays and interferometric fibre-optic sensor technology 

also results in the rejection of common mode noise such as laser intensity noise. In this 

configuration, the receiver is referred to as ̀ balanced'. 

2.8 Interferometer Configurations 

The Mach-Zehnder interferometer was the basis for many of the early hydrophone systems and 

is still used in some present designs. However, a number of other interferometer configurations 

offer various advantages for practical systems and are often used in more recent systems. Three 

other interferometers that have been used to implement the optical hydrophone are shown in 

fig. 2.8(b), (c) and (d). These are the Michelson, Sagnac and Fabry-Perot interferometers. It is 

instructive to compare interferometers by determining the frequency response of each. For this, 

we shall use the approach presented in [2.34] and [2.35] and apply this to the Michelson and 

Sagnac interferometer. We shall treat the Fabry-Perot separately and shown that in a certain 

configuration, the response of the Fabry-Perot interferometer is similar to the Michelson 

interferometer. 

If a harmonically varying acoustic signal with no spatial dependence is incident on an optical 

fibre of length, L, , this will cause a perturbation of the propagation constant, ß, of the optical 

signal travelling in the fibre. This is due to the effects illustrated in (2.24) (i. e. the length and 

refractive index change). The propagation constant can thus be expressed as, 

ß(x, t) = ßo +ößexp(iwat) (2.39) 

where x(30 (= nk) is the unperturbed propagation constant, 8/3 is the amplitude of the 

propagation constant modulation, 0)Q is the acoustic frequency and x is the axial coordinate 

along the fibre. The total phase of the optical signal, 0, (t) 
, is then given by integration of the 

propagation constant over the sensor fibre length, L, 
, 

O, (t) =Jßx, t- Cn dx (2.40) 
0 

where c is the light velocity in a vacuum. We shall assume in the following analysis that only 
the sensor fibre is exposed to the acoustic signal and maintain the assumption that the acoustic 
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wave has no spatial dependence (i. e. at a particular instant, the sensing fibre sees the same 

pressure). 

Mach-Zehnder: The frequency response of the Mach-Zehnder interferometer, shown in fig. 

2.8(a), can be determined by substituting (2.39) into (2.40) such that, 

4 
AOmz = Bß J 

exp(iwaxn / c)dx (2.41) 
0 

to obtain the responsivity, 

I'&omzI=BýBLs sincl ýnn 
2c 

L, 
)I= 2c5, 

sin( 
2c L, 

1 
(2.42) 

Co. lJ 

which at all practical acoustic frequencies can be approximated to, 

IL Omz I= 8/iL, (2.43) 

Michelson: The Michelson interferometer is shown in fig. 2.8(b). Light from a laser source is 

split into two fibres by a directional coupler. At the end of each fibre arm, a mirror coating is 

applied to the end of the cleaved fibre. To achieve high reflectance, the fibres must be 

accurately cleaved before a metal or dielectric coating is applied, which can be achieved by 

chemical or vacuum deposition; however, thermal and electron beam evaporation have also 
been used [2.102]. Alternatively, `fibre loop reflectors' can be used [2.101] which have the 

advantage of achieving close to 100% reflectance. The light is thus reflected back along the 

same path to exit through the remaining port of the directional coupler. Care must be taken to 
avoid optical feedback into the laser cavity, by use of an optical isolator on the input port of the 
directional coupler. It should be noted that the fringe visibility obtained from the Michelson 
interferometer is independent of the coupler ratio. 

The frequency response for the Michelson interferometer is determined in a similar way to that 
shown above and the phase responsivity is given by, 
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1( 
sine 

L°n L cos 
co°n L= 

2c8ß 
sin 

w°n L (2.44) IAO I= 2S, ß "' 2c S 

(2c 

' man c 

which can be approximated to, 

IDOM 1= 28, BL5 (2.45) 

Sagnac: The use of the Sagnac interferometer as a hydrophone was first reported in [2.36] and 

the basic interferometer is shown in fig. 2.8(c). Here, the light is split into two paths by a 

directional coupler that travel in opposite directions through the same closed loop. The loop 

contains two delay coils of length I. 1 and 4 and a sensor coil of length L,. A static 

perturbation acting on the complete loop will have no net effect on the phase delay between 

the two beams, because both beams will be affected equally. However, a dynamic signal acting 

on the sensor, but not on the delay coils, (i. e. non-symmetrically about the loop) will introduce 

a phase difference between the two counter-propagating beams due to the fact that one beam is 

in a different part of the loop when the other beam is passing through the sensor. Analysis of 

the Sagnac interferometer requires separate integration of each beam and has been carried out 
in [2.34] where it was shown that, 

lAosI =25ßLs sincl 2c 
L. n L, 

)sin( 
,, Ld (2.46) 

l 

where Ld = L2 -L. For the case when CO,, <G 7'c / nLd (i. e. below the first null in the phase 

responsivity), the responsivity of the Sagnac interferometer is reduced to, 

iAos 1= 2Sß 
2c 

L$Ld (2.47) 
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It is now possible to compare the frequency response of the three interferometers. The 

normalised responsivity, jAOj / (5, ßL, ) 
, of each interferometer is plotted in fig. 2.9 as a function 

of normalised frequency, [OanLs / 2c. 
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Figure 2.9: (i) Normalised responsivity versus normalised frequency for the Mach-Zehnder, Michelson and 
Sagnac interferometers 
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Figure 2.9: (ii) Response in refection of FFP to a monochromatic light source 
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The responsivity of the Michelson interferometer is twice (6 dB) the responsivity of the Mach- 

Zehnder interferometer due to the dual pass of the optical signal through the sensor coil. The 

responsivity of the Sagnac interferometer is proportional to the frequency for W. «7rc/ nLd . 

This property of the interferometer has been used to increase the available dynamic range in an 

optical hydrophone since the frequency dependence of the responsivity compensates for the 

background acoustic noise spectrum (which exhibits an f-0 83 dependence on frequency), such 

that the resulting sensor noise floor is roughly flat [2.37]. However, in general for the 

hydrophone application, the delay coil length required is very large. For example, for a practical 

hydrophone with L, =100 m, the interferometer responsivity must be approximately equal to 

its Michelson equivalent at fa -10 kHz. This requires a delay coil length, Ld =100I., or 10 km, 

as shown in 2.9, to give the required responsivity. Packaging of this length of fibre in an 

acoustic array may be problematical. 

Fibre Fabry-Perot (FFP): The FFP interferometer, shown in fig. 2.8(d) is a multiple beam 

interferometer. Its performance as a sensor has been investigated by a number of groups 
[2.103-4]. An interference signal is generated by the reflection from opposite ends of a length of 
fibre. If we assume that the interferometer is illuminated by a monochromatic source and there 
is no birefringence or attenuation in the sensor fibre, then in reflection the FFP produces 
Fizeau fringes and the power response is given by [2.105], 

P(O) = P�, 1- 
(1-R, )(1-R2) 

(2.48) 
1+ R1R2 -2 R R2 cos(O) 

where RI , 
P. 2, are the mirror reflectivities, P,.,,, is the incident power and 0= 47lnL5 /A. This 

transfer function is plotted in fig. 2.9(u) for a range of R, where we have assumed R, = R2 = R. 

It is useful to define three parameters for the FFP. The free-spectral range, 0v 
fs, , specifies the 

frequency spacing of adjacent minima in fig. 2.9(d) and is given by, 

1V fs. °2L (2.49) 

The coefficient of finesse, F, is defined as, 
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F= 
1Rz 

(2.50) 

and allows us to reformulate (2.48) in terms of F such that, 

P(O) = PLC 
Fsin2(0/2) 

= Pic (1-A(O)) (2.51) 
1+Fsin (O/2) 

where A(O) = (1 +F sine (O / 2)) 1 is the Airy function and represents the transmitted flux 

density. Finally, the finesse, F, defines the relative width of each minima, 

= 
Dvfs. 

_ (2.52) 
Ov, 1-R 

Two interesting configurations are considered. Operating a high finesse FFP at the point of 

steepest gradient yields a high responsivity. By differentiating (2.51) twice it can be shown that 

the response has a maximum when 02 =4/3F and AP/0O=0.32P,,, VF 
. However, this 

doesn't necessarily yield an equivalent increase in SNR compared with a Mach-Zehnder 

interferometer with the same fibre length, if laser frequency noise limits the phase resolution 
(the noise is also multiplied by the responsivity factor). Conversely, a low finesse FFP (R « 1) 

allows us to use the approximate relation (1 + R)" -1+ nR and show that (2.48) reduces to, 

P= 2RPi,,, (1-cos(O) + 2R cos(O)(1-cos(O)) 

- 2RPi,,, (1-cos(O)) (2.53) 

and resembles the response of the two beam interferometer ((2.38)). Note that the last term in 

(2.53) generates a small distortion in the response if R is not sufficiently low. Finally, it should 
also be noted that these interferometers have been implemented using in-fibre Bragg gratings as 
the reflective elements [2.63] 
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2.9 Interferometric Sensor Signal Processing 

To obtain a linear response from the fibre interferometer in the presence of environmental 

perturbations, an interrogation scheme must be used to overcome the fading problem (not to 

be confused with polarisation induced signal fading described later). We divide techniques into 

two groups referred to as: (i) active where feedback must be applied to an individual sensor and 

an electronic modulator (such as a phase or frequency modulator) may be incorporated into 

one arm of the interferometer, and (ii) passive where no direct feedback is required and the 

differential phase or frequency between the interferometer beams may be controlled by either 

direct or external source modulation. The relative merits of each technique can be compared in 

terms of the phase resolution achieved and the ease of implementation. For application to 

sensor arrays, the technique must also be combined with a multiplexing technique. Reviews on 

various active and passive techniques developed can be found in [2.43-44]. Here we shall 

describe the active technique which we use as a frequency discriminator in chapter 7 and follow 

this with a discussion on two passive techniques referred to as heterodyne and homodyne 

`phase-generated-carrier', which have been widely used in prototype hydrophone systems. A 

noise analysis will also be presented that will allow calculation of the phase resolution 

achievable with such interrogation schemes followed by a discussion on dynamic range. 

2.9.1 Active interrogation schemer 
When an interferometer is exposed to the environment, changes in ambient temperature and 

pressure will cause the phase of the output signal to drift. Then for the case when A=0, the 

photocurrent is given by (2.38), 

'ph = rP(1±V cos(os(t)+od(t))) (2.54) 

where 0, (t) is the signal phase of interest and Od (t) is the environmentally induced phase 

drift. The sign of the cosine term depends on which output fibre is used. Thus, the output from 

a balanced receiver is, 

v= rbPV cos(O, (t) + c5a (t)) (2.55) 
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where we now define rb as the responsivity of the balanced receiver in V. W 1. If the drift term 

in (2.55) is od (t) = (2m + 1)7r /2 where m is an integer (i. e. quadrature) and 0, «1 then, 

vba1 = rbPVos(t) (2.56) 

and the balanced receiver voltage is proportional to the signal phase. The rate of the drift is 

dependent on the rate of the temperature fluctuations and the spacing and length of fibre in the 

interferometer arms. We also note that in an interferometer with a fibre path-imbalance of d, 

the phase is dependent on drift of the source frequency, AV, through the relationship 

0= 2irnd 0v/c. In general, the frequency of the environmentally induced phase-shift is much 

lower than the signal frequency of interest; thus we can use this slow phase drift to generate a 
feedback signal using an integrator, to maintain the interferometer in quadrature [2.45,2.46]. A 

suitable set-up is shown in fig. 2.10. 

Measurand 

x, 
tttt x2 

Laser 

2P rc, r. -PZT 

-- ý- Balanccd receiver 
vjb 

Figure 2.10: Active homodyne inter ferometric sensor arrangement 

The feedback is then applied to a phase modulator located in one of the interferometer arms to 

close the loop (a popular phase modulator is that based on a loop of fibre wound under tension 

around a cylindrical piezo-electric tube. Applying a voltage across the wall of the tube generates 

a radial strain and hence an axial strain in the fibre). The signal phase is taken from output 1. 

This is known as the low gain-bandwidth product configuration and although a high frequency 

response can be obtained (limited by the frequency response of the photodetector), it has the 
disadvantage that variations in the fringe visibility and input power will affect the output phase 

scale factor. Also, the dynamic range is limited due to the small angle approximation used to 
derive (2.56). An alternative technique, known as the high gain-bandwidth product 
configuration involves measuring the feedback voltage applied to the phase modulator (at 
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output 2). With the loop open, vba! drifts between values of ±rbPV, crossing zero at the 

quadrature condition. By applying sufficient gain to the feedback voltage, v., and closing the 

loop, v., is forced to zero and the total phase in (2.55) is equal to (2m + 1)r / 2, which can be 

expressed as Od +0, +0, = (2m+1)x/2 where 0, is the phase applied by the phase modulator 

(at output 2). A loop equation can be derived by consideration of the quadrature condition such 

that, 

dv, 

dt 
+ yrbVPhvjb = rbVP (0d + o, '- 2z / 2) (2.57) 

where h is the scale factor of the phase modulator in rad. V", y is a gain factor associated with 

the integrator and we have taken the phase modulo 2m. The feedback voltage is therefore 

linearly related to the signal phase through the quadrature relation, by fr = (Od + 0,2) 

providing the frequency of the quantity Od + 0, falls within the gain-bandwidth product of the 

feedback loop, which is given by the quantity, yrbVPh . Thus, the signal phase is now 

independent of fluctuations of the input power and visibility, which only affect the gain- 
bandwidth product. Since no small angle approximation is made the dynamic range is also 

significantly increased, limited by the integrator. 

Another useful technique to achieve quadrature is to use the feedback voltage to modulate the 
frequency of the laser. In this case a path-imbalance must be incorporated into the 
interferometer and the scale factor, h, is now determined by the equation, h= 2irndj /c, 

where j is the scale factor of the laser modulation, measured in Hz. V"1. Environmentally 

induced drift of the interferometer phase is thus compensated by modulation of the laser 

frequency. This technique has the disadvantage that an imbalance is required in the 
interferometer, which may generate excess frequency induced phase noise. 

2.9.2 Passive interrogation schemes 

Shown in fig. 2.11 is the basic Mach-Zehnder interferometer, where we have placed 

components in the arms of the interferometer in positions labelled 1 and 2 that can either 
modulate the phase of the light (using a piezoelectric fibre stretcher) or impose a frequency 
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shift (using an acousto-optic modulator) on the light. In the following analysis we assume, as 

before, that the optical losses in the signal and reference arms are zero and the coupler power 

transmission ratios are 1/2, hence a, = a, =1 and x, = x2 =1/ 2. 

Arm 1 

Laser ]-ý' ' 'ph 
2P 

2 
Arm2 

Figure 2.11: Basic Mach-Zehnder interferometric sensor arrangement 
Heterodyne: Perhaps one of the simplest techniques is known as heterodyne interrogation 

where the frequency of the optical signal propagating in one arm of the interferometer is 

shifted relative to the other using an acousto-optic modulator (AOM). By placing an AOM in 

position 1 in fig. 2.11 and applying an RF signal to the AOM, a frequency shift equal to the 

frequency of the RF drive signal will be imposed on the diffracted beam. The photocurrent is 

then given by (2.38) where dwis equal to the RF drive signal of the AOM. By placing a second 

AOM in position 2 in fig. 2.11,40) can be set to any value by varying the frequency of the RF 

signals driving each AOM. This technique yields a signal that contains only a single carrier 

frequency component at dW. Extraction of the signal phase of interest, O(t), can be achieved 

either with an electronic frequency discriminator and integrator or by mixing the photodiode 

signal with in-phase and quadrature versions of the unmodulated carrier frequency and low pass 
filtering, as shown in fig. 2.12(a). This yields, 

0.5 " rPV cos O(t) (2.58) 

-0.5 " rPV sin O(t) (2.59) 

which are the sine and cosine of the signal phase. Extraction of O(t) can be achieved by taking 

the arctangent of (2.59)/(2.58). 

An alternative method uses a technique known as differentiate and cross-multiply and is shown 
schematically in fig. 2.12(c). If the differentials of (2.58) and (2.59) are taken and multiplied by 
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the undifferentiated version of the other signal then the difference between the two resulting 

signals yields, 

0.25(rPV )2 q(t) (2.60) 

Integration of this signal followed by normalisation to remove the unwanted amplitude term 

yields the signal phase of interest, O(t). It is worth noting that this technique allows the phase to 

be directly obtained with no ambiguity about 2,1. Use of the arctangent method requires a 

fringe counting technique that monitors phase crossing at integer multiples of 2r in order to 

track phase excursions greater than 2; r. It will be shown latter how the heterodyne technique 

can be used remotely to interrogate multiplexed fibre interferometers. 

(a) 
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x 

x 

sin(Amt) 
(bý 

cos(w,,, t) 
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x 

(c) 
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Figure 2.12: (a) Obtaining the sine and cosine components in the PGC scheme, (b) Obtaining the sine and 
cosine components in the heterodyne scheme, (c) The d jerentiate and cross-multiply demodulator [2.42] 
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Another technique that has been demonstrated is called pseudo-heterodyne interrogation [2.39] 

where a serrodyne ramp is applied to the laser frequency. Incorporating a path-imbalance into 

the interferometer causes a carrier frequency to be generated; the frequency of which depends 

on the peak laser frequency excursion and the path imbalance. A similar technique, reported in 

[2.39], used periodic switching of the laser frequency and sampling of the interferometer 

output. By switching the laser frequency and incorporating an appropriate path-imbalance in 

the interferometer, the necessary sine and cosine components of the phase are directly obtained 

in the sampled output. An interesting technique based on phase diversity was reported in 

[2.107,2.40] and was based on the 3x3 coupler. It was shown in [2.108] that by incorporating a 
3X3 coupler as the output coupler of the interferometer, the sine and cosine components of the 

phase are contained in the outputs. Early technical problems associated with this technique 

concerned with polarisation dependence of the 3X3 coupler power split ratio have since been 

alleviated with improvements in the coupler manufacture process. This technique is attractive 

as a fully passive method of interrogation of fibre interferometers without the need for source 

modulation or a path-imbalance [2.109]. 

Homodyne phase-generated-carrier (PGC): This scheme involves generation of a carrier 
frequency through high frequency modulation of the optical phase and can be implemented in 

two ways [2.42]; (1) incorporating a phase modulator in position 1 in fig. 2.11, allows a high 

frequency phase modulation to be imposed on the optical signal in arm I of the interferometer 

or (ii) modulating the optical frequency of the laser output and incorporating a small path 
imbalance in the interferometer as shown in fig. 2.13 allows generation of a carrier through 
frequency discrimination. This latter technique allows remote interrogation of the 
interferometer without the need for active components in the interferometer and its 

implementation with semiconductor laser diodes is now discussed. 
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Figure 2.13: Laser frequency modulation implementation of homodyne PGC 

The PGC interrogation scheme can be implemented by incorporating a small optical path 

imbalance in the interferometer and applying a modulation to the semiconductor laser diode 

(LD) [2.47]. If a sinusoidal current modulation of angular frequency wpg, is added to the laser 

diode drive current, as shown in fig. 2.13, then the photocurrent in (2.38) becomes, 

t 
ph_Pgc = rP + rPV cos [Opgc COS LVPBct + O, (t) + Od (t)] (2.61) 

where op., =2, rndly/c, d is the path imbalance, c is the speed of light in a vacuum, Av is the 

peak frequency excursion of the laser output (determined by the amplitude of the current 

modulation) and we have replaced the signal and reference arm phase with a time varying signal 

phase and a slowly varying drift phase, Od (t) , due to environmental effects. Expanding (2.61) in 

terms of its Bessel function components using the following relationships, 

cos(0, sin(w, t))=Jo(O)+21J2k (01» cos (2kwt) 
k=1 (2.62) 

sin(oo sin(wst)) = 22: J2k+, (0o )sin ((2k+1)tv t) 
k=0 

and setting, O(t) = od + 0, 
, yields, 

1, 
_on=rP+rPVI[J, 

(O )+2i(-1)'J: *(O, F)cos2kw. t]coso(t)-[2E(-1)'J,,,, (o, )cos(2k+1)w, 
Ft]sino(t){ 

(2.63) 

This shows that the photocurrent consists of a fundamental frequency component at' (v pg, 
(referred to as the carrier frequency) plus a series of harmonic components of the carrier 
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frequency about which the signal of interest, O(t), (=O, (t)+Od(t)) appears as phase 

modulation sidebands (shown in the inset of fig. 2.13). The amplitude of each harmonic is thus 

given by the respective Bessel function amplitude. This signal is then processed (or 

demodulated) to yield the sine and cosine of O(t) by synchronous detection of the PGC 

components W pgc and 2wp,,, as shown in fig. 2.12(b). By low pass filtering the resulting 

signals, the familiar sine and cosine of the signal phase are obtained, 

rPVJI (opgc) sin b(t) (2.64) 

-rPVJ2 (opgc) cos O(t) (2.65) 

O(t) can then be obtained directly by setting the LD modulation current such that 

J, (opgc) = Jx (opgc) (i. e. O=2.6 or 6.1 as shown in fig. 2.14) and taking the arctangent of 

(2.64)/(2.65) or using the differentiate and cross-multiply technique described above. 
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Figure 2.14: Besselfunction amplitudes 
A similar technique reported in [2.41] was called synthetic heterodyne detection. The optical 

arrangement is the same as the homodyne-PGC; however, in this scheme, the photodiode 

output is separately band pass-filtered at [vo8, and 2wP8, and each signal multiplied by a 

reference tone at ZCOPB, and 0),,, respectively. The result is two carriers at 3Wpgc with the 

signal present as a phase modulation sideband on each carrier. Although, each carrier would 
fade, their orthogonality would prevent them fading simultaneously. Thus, the output is 

obtained by summing the carriers and extracting the phase signal with a frequency 
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discriminator. This technique has not been demonstrated to achieve phase resolution 

comparable to the homodyne-PGC [2.43]. 

2.9.3 Noise sources and phase resolution 

Having derived the form of the received optical signal, the various sources of noise in the 

interferometric system can be included to calculate the carrier-to-noise ratio (CNR)3. This is 

then related to the minimum detectable phase or phase resolution by using narrow band phase 

modulation theory [2.48]. The following analysis is based on a heterodyne system although it 

can also be applied, with some minor modification, to a phase generated carrier scheme. 

Taking the ac part of the photocurrent in the case of a heterodyne system gives, 

t 
ph-het = TPV COS(Aax + of (t) + Od (t» (2.66) 

Ignoring environmentally induced phase perturbations and assuming a sinusoidal signal 

excitation, 0, (t) equal to 0o sinW3t (2.66) can be expressed as, 

ipti_ti« =rPV[cos (iwt)cos(0 sin(wst)) -sin(Aivt)sin(01sin(w, t))] (2.67) 

Using (2.62) and the small angle approximations Jo (0. ) =1 and Ji (0. ) = 0. /2 for 0. a 1, (2.66) 

can thus be expressed as, 

'ph-het 
= rPV CosAwt- 

2° [cos((Aa-w, )t)-cos((Ow+W, )t)] (2.68) 

where 0o is the peak phase deviation. The power ratio between the carrier and first modulation 

sideband is therefore given by, 

2 

CNR 2 
(2.69) 

3 In fact, we shall calculate the carrier-to-signal ratio; however, since the minimum detectable signal is limited by noise, we refer to it as the carrier-to-noise ratio. 
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Thus, to achieve a phase resolution of 1 trad. Hz"1'2, a CNR of 126 dB re Hz 112 is required 

(assuming a signal to noise ratio of 1.0 is required to resolve the phase). Using (2.67) and (2.68) 

the following expression can be derived that relates the sensor rms phase resolution, 80 

(_ 0o //), to the total noise current, i, , 

0.5(rPV )2 2 

2 (2.70) 
in 

where the factor of 0.5 converts peak to mean-square carrier power. 

It now remains to determine, i. 2. Fundamentally, i, is limited by shot noise, however, in 

practice other sources of noise will be present. These are: (i) the detector amplifier thermal 

noise, (u) intrinsic thermal noise in the fibre waveguide, (iii) RF oscillator noise, (iv) laser 

intensity noise, (v) laser frequency or phase noise and (vi) spontaneous emission noise from an 

optical pre-amplifier if present. 

Shot noise and photodiode thermal noise: Expressions for the mean-square noise current 
due to shot noise and amplifier thermal noise are given by, 

. ch = 2e2tlPAf / by (2.71) 

-2 = 4kBT Af / RL (2.72) 

where e is the electron charge, kB is Boltzman constant, TT =T +Ta ,T is the ambient 

temperature and T. is the effective noise temperature of the amplifier [2.49], RL is the 

photodiode load resistance and Of is the electrical bandwidth. If it is assumed that the carrier 
frequency is sufficiently high such that the photodiode generation-recombination' noise is 

4 Generation-recombination noise arises from fluctuations in the carrier density and in this way is related to photon shot noise. However, unlike shot noise, it results from secondary carrier density fluctuations due to random electron-hole 
recombinations. It has a characteristic lifetime to To and generally exhibits a flat spectral density up to 1/ TD 

. 
Its equivalent 

noise power generation is given by [2.50], 

4i2Zp/s, J"(1+411=f2To) 

where Zd is the charge lifetime (i. e. time taken for charge carriers to exit junction). 
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negligible [2.50] then, in principle, the optical power can be increased such that sh » i, 2, and 

shot noise limited detection is achieved. 

Waveguide thermal noise: It has recently been shown that, in practice, it will be difficult to 

achieve resolutions approaching the shot noise limit due to the intrinsic thermal noise in the 

optical waveguide, which can be significant even for relatively short fibre lengths [2.51,2.52]. 

Thermal diffusion of heat across the mode field of the optical signal propagating in the core of 

the optical fibre causes small perturbations to the phase of the signal and has been investigated 

in [2.53]. We shall return to discuss this source of noise in more detail in chapter 7, and here we 

shall simply present the defining equation and investigate the effect on the phase resolution in 

the fibre interferometer. It was shown that the thermally induced phase noise assuming an 
insulating boundary condition at the fibre cladding-air interface is given by, 

112 

s 

än 2arkeT2L lw) 1.., n J2) 
+( 

ff 
(2.73 

E 
ms,, 2 DT +na 

Xýý2 
I° 

2.405 2 Zar (( 

r2 

) 
+(cIn)) 

l/ 
+ 

where L is the fibre length, KK is the fibre thermal conductivity, f is the fibre thermal 

diffusivity, w is the mode field radius, c is the velocity of light in a vacuum, n is the effective 

refractive index of the fibre and r2 is the radius of the cladding. For our calculations we use 

T =300K, K=1.37W. (m. K)"', 4=0.82x10-6m2s', w=2.3µm, n=1.465, A =1550nm, 

1 an 
=0.68x10"S K' and a=10.2x10"7 IC' where we have taken the values of the thermal 

n äT' 

conductivity and diffusivity and the thermo-optic coefficients from [2.53]. The phase noise is 

plotted in fig. 2.15 for fibre lengths of 1m, 10m and 100m in a Mach-Zehnder interferometer 

and for fibre cladding radii, r2, of 67.5 µm and oo. 
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Figure 2.15: 1'aveguide thermal noise induced phase noise in a Mach-Zehnder interferometer 

Thus, we can calculate the received optical power for which the shot noise equals the thermal 

noise, Ph_jh using (2.70) and (2.71). We choose an appropriate frequency of 1 kHz and take 

Of =1 Hz, V =1. The thermal noise limited optical power for a range of interferometer fibre 

lengths is shown in table 2.2. 

Table 2.2: Thermal noise limited optical power 

Nth Ph. 
lh Fibre length 

µrad. Hz-'12 µW 
lm 0.074 120 
lOm 0.23 12 
100m 0.73 1.2 

For a fibre length of 100m, increasing the optical power above 1.2 µW will not generate an 
increase in the CNR, whereas reducing the fibre length to 1m increases this power limit to 117 

VW. We note that partial suppression of this effect is possible with some interferometer 

configurations using Faraday rotation mirrors [2.51]. 

Oscillator noise: In the heterodyne system, the acousto-optic modulators (AOM) must be 
driven by an RF signal, typically a few tens of MHz. This signal must be derived from a stable 
oscillator to ensure excess noise is not imposed by the AOM. For example, the RF oscillators 
must be chosen such that their relative noise power spectral density is less than -120 dB. Hz 1"2 

about the oscillator frequency if trad. Hz"1/2 resolution is required. 
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Laser intensity noise: Intensity noise from the laser induces amplitude modulation of the 

optical signal, causing the RIN spectrum to appear as modulation sidebands around the carrier. 

If the spectrum of the intensity fluctuation is given by SP(co) then the photocurrent becomes, 

iph =r(P+SP)+rV(P+SP)cos(iwt) (2.74) 

where Ow is the heterodyne frequency. Assuming the power fluctuation to have a flat spectral 

density, such that 8P(w) = OPcos([ot), then (2.74) can be expressed as, 

iph =r [P+APcos(wvt)]+rV [P+ APcos(wt)]cos(Atvt) (2.75) 

thus, 

i ph = rP + rP 
AP 

cos(wt) + rVP cos(Dan) +...... 
(2.76) 

rV 
AP (cos((Ow-w)t)+cos((A +w)t)) 
2 

For the case when the bandwidth of the RIN is much less than &o then the RIN induced 

phase noise is due to the component mixed onto the carrier (. e. the fourth term in (2.76)) thus 

using (2.69), the phase noise spectral density contribution due to RIN can be expressed as, 

4RIN(f) (2.77) 

When the bandwidth of the RIN exceeds AC), the RIN induced phase noise must include the 

additional baseband component (second term in (2.76)) thus, 

8oiaser-R! N 
y 

RIN(f) (2.78) 

Here we have used the definition of RIN given by (7.7). 

Laser frequency noise: Laser frequency noise will generate phase noise in an unbalanced 

interferometer and a detailed discussion of the origins of this noise source can be found in 

chapter 7. It is possible to suppress laser frequency induced phase noise using a reference 
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interferometer, as demonstrated in [2.54,2.55]. The technique involves measuring the phase 

noise with a reference interferometer and subtracting this signal from the sensor interferometer 

and has been shown to suppress the laser phase noise by up to 30 dB at 50 Hz [2.551. 

2.9.4 Dynamic range 
The dynamic range specifies the difference in maximum and minimum signal amplitude that 

can be measured by the hydrophone. By assuming an ideal demodulator (i. e. one that will not 
impose any limitation to the dynamic range or add any excess noise to the signal), the dynamic 

range can be deduced by consideration of the maximum bandwidth available for the phase 

modulated signal to occupy. Carson's rule [2.56] states that for sinusoidal angular modulation, 

the bandwidth occupied by the modulation signal is equal to twice the sum of the peak 

frequency deviation, f 
pk , and the signal frequency, f,, 

AB = 2(f 
pk + f, ) (2.79) 

Since O(t) = 0. sin(2i f t) and wpk = 
d(t) I 

then If pk 
I= O. f, and, 

AB=2f, (0o+1) (2.80) 

Thus, for a given signal frequency, the maximum modulation depth (and hence signal 
amplitude) can be determined from knowledge of the available bandwidth. This is then 
combined with the interferometric phase resolution to determine the dynamic range. It 

therefore remains to determine the available bandwidth for each interrogation scheme. In the 
heterodyne scheme, the available bandwidth is simply 2-Ow/ 2, r (. e. twice the carrier 
frequency). In the PGC scheme, the available bandwidth is given by 0 pgc 

/ 2it 
, as illustrated in 

the inset of fig. 2.13. By comparing (2.63) and (2.67) it is apparent that the PGC signal occupies 
more bandwidth than the heterodyne signal. Hence, the PGC scheme requires more bandwidth 

than the heterodyne scheme to achieve a given dynamic range. We determine, in sec. 2.10.3, the 
dynamic range one would expect from a multiplexed sensor. 
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2.10 Interferometric Sensor Multiplexing 

During the 1980's, a large number of multiplexing schemes for interferometric sensors were 

proposed; reviews of which can be found in [2.57,2.58]. Here we present some of the basic 

multiplexing schemes that have found application in practical systems. The first technique to be 

discussed is known as frequency domain multiplexing (FDM) with homodyne phase generated 

carrier (PGC) (note the terminology that in frequency division multiplexing, the frequency 

spacing between adjacent sensor signals is typically a few 10's of kHz and is implemented by 

direct source modulation, whereas in wavelength division multiplexing, adjacent signal spacing 

is of the order of a few THz and the signals usually originate from different laser sources). 

Attention will then be focused on time division multiplexed (TDM) architectures followed by a 
discussion of recent work on large scale multiplexing architectures. 

2.10.1 The frequency domain multiplexing technique 

This technique uses frequency multiplexing of carrier frequencies and in practice has 

demonstrated the potential to multiplex up to sixty-four sensors onto sixteen fibres using eight 

semiconductor laser diode (LD) sources. This approach was implemented with the homodyne 

PGC interrogation scheme in a matrix type architecture [2.59]. The array is interrogated by a 

series of LDs, each modulated at a different frequency. The square matrix is composed of nxn 

sensors, n photodetectors and n sources, as shown in fig. 2.16(a) for the case of a 2x2 matrix. 
Each source interrogates n sensors and the outputs from the sensors are combined so that the 

received signal produces n carrier frequencies on the photodiode, each corresponding to a 

single sensor. This scheme has been shown to achieve laser phase noise limited detection 

sensitivity and sensor to sensor crosstalk of less than -60 dB and has the advantage of 
interrogating all the sensors continuously. However, the large number of telemetry fibres 

required renders this technique less appealing than the TDM methods described below, for 

many applications. 
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2.10.2 Time division multiplexed architectures 
The time division multiplexing scheme has been demonstrated to multiplex many sensors onto 

a single fibre and achieve most of the requirements described above [2.60,2.61]. Schemes using 

either heterodyne or phase generated carrier interrogation have been demonstrated to multiplex 

up to sixty-four hydrophones on two fibres [2.62,2.63]. Two architectures based on this scheme 

are now discussed. 

I-*. 

}-º 

(a) PGC FDM nXn matrix [2.59] 

f] f2 

In-fibre Bragg grating or n 
directional coupler 

(b) TDM rvflectometric [2.61] 

Figure 2.16: Multiplexing architectures 
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Figure 2.16(cont) : Multiplexing architectures 

The pulsed reflectometric architecture (PRA): This architecture, shown in fig. 2.16(b), 

consists of serially multiplexed Fabry-Perot interferometers, with low reflectance mirrors (i. e. 
low Finesse) that can be interrogated by two frequency shifted pulses separated in time by an 
amount equal to twice the transit time in the interferometer arm, 2r. The received signal 

K2 

e 

Array II Array 
module 3 module n 
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consists of a series of pulses generated from reflections of the first interrogating pulse 

overlapped in time but delayed by 2r with the pulse train generated from the reflections of the 

second interrogating pulse. Where overlapping of pulses occurs, an interference signal or 

heterodyne signal is generated. Each sensor, therefore, generates its own heterodyne signal 

upon which the modulating signal of interest will appear [2.61]. Early development of this 

architecture used semi-reflecting splices to produce the reflections; however, multi-path 

interference induced severe crosstalk that limited the number of sensors that can be 

multiplexed onto a fibre [2.62]. To overcome this problem, an asymmetric reflector was 
developed using a directional coupler that has a reflective mirror formed on one of the output 

ports. By index-matching the unused input port, the device will produce a reflection only in one 
direction as shown in the inset of fig. 2.16(b). In this configuration, the architecture is known as 

an in-line Michelson. To improve further the optical power budget of this type of network, the 

power coupling coefficients of the couplers are designed such that equal power is returned 
from each sensor at the photodiode. 

If the individual losses (coupler excess loss, two splices, fibre attenuation) are lumped into a 

single element, P, the mirror loss is a, the total number of sensors is N and x'o is the 

coupling coefficient of the telemetry coupler (usually 50%), then the power returned from the 

first mirror for a single injected pulse of power, P,,,,, is, 

P, = rcK; a2Pn, o (2.81) 

where icf is the coupling coefficient of mirror j. Thus, the power returned from the j`h 

mirror is, 

J-1 
P1 =Koa211(1-K, )2ß2F inc (2.82) 

From the condition that Pý = PJ+1, 

(2.83) 
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and a closed-form expression for iC can be determined using the condition, KN+l =1, 

(2.84) Kl - ßl-tv-t - fi 

For a loss-less system (, ß =1), (2.84) simplifies to, 

1 
(2.85) Ki 

N-+2 J 

The insertion loss of the network is defined as the ratio of the peak pulse power returned from 

any sensor, P,,, to the injected peak pulse power, P,.,,,, and assuming Ko =0.5 is, 

Pý 
_1 ILP, ý, = P; ", 

4(N+1)z 
(2.86) 

This architecture is shown in chapter 5 to achieve average sensor-sensor crosstalk levels of less 

than -47 dB, limited by the finite extinction ratio of the drive signal for the acousto-optic 

modulator (AOM} generating the optical pulses. 

A variant of this architecture using in-fibre Bragg gratings (IFBG) as reflective elements and 

including wavelength division multiplexing (WDM) to overcome the crosstalk problem 

described above, has also been demonstrated. An array consisting of four serially multiplexed 

sensor coils each with a pair of IFBG reflectors where every other sensor operates at the same 

wavelength was demonstrated, as shown in figure 2.16(c). By incorporating a wavelength filter 

at the array output, crosstalk between sensors operating at the same wavelength was shown to 

be less than -30 dB and between sensors operating at different wavelengths was less than 

-60dB [2.63]. 

The progressive ladder architecture (PLA): This architecture, shown in fig. 2.16(d) 

incorporating Michelson interferometers, comprises separate fibres for the launch and return 

pulses. Each sensor forms an individual Michelson interferometer with a small path imbalance 

that allows interrogation with the homodyne-PGC technique. The inclusion of reference coils 
for each interferometer confines the sensitive region of the sensor to within the interferometer 
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(. e. the leads connecting the sensors are not part of the interferometer arms). Another 

advantage of the PLA is that the couplers that occupy a symmetric location with the network 
have the same coupling coefficient. Closed form expressions for the coupling coefficients for a 
loss-less network have been derived in [2.109] and we quote the results here. The coupling 

coefficient for the input and output couplers is given by, 

K; � = K0 =2 
KZ (2.87) 

K -K+1 

and the optimum value of coupling coefficient for the couplers positioned symmetrically within 

the network (i = 2,3.. N -1) is given by, 

1 0.84(N+3) 0.26A 
Kr =-- "n + vz (2.88) 

3 A(N-3) (N-3) 

A= 39(N-3)1/2-7N(N-3)h12+33/2(3N3-15N2+149N-137)1/2]v3 (2.89) 

For a loss-less networks, optimum coupling coefficients are Kc = K., =0.5 and Kr =0.2. Closed 

form expressions for the lossy network are not trivial to derive and a numerical analysis is 

presented in [2.109]. This showed that assuming typical losses, the required coupling 

coefficients deviate only slightly from that predicted by (2.88). It can also be shown that the 
insertion loss, assuming a loss-less network is well approximated by, 

ILPM NZ (2.90) 

Thus, the power returned for a sensor in the PLT is a factor of -4 higher than in the PRA. 
Characterisation of sensor-sensor crosstalk in this network has not been published; however, a 
similar architecture has been shown to achieve a sensor-sensor crosstalk of less than -50 dB 
[2.64,2.65]. 

For both of the architectures described above, the number of sensors that can be multiplexed 
onto a fibre is limited by the required interrogation rate for each sensor (determined by the 
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dynamic range requirements discussed below) and the optical power. For example, the 

maximum interrogation rate, fep, can be deduced from the transit time of the optical pulse 

through the array, which in the case of the PRA is l/ 2z(N + 1) Hz. Assuming the pulse width 

is set to 2r, the optical duty cycle, D, is 1 /(N + 1). 

Since full size arrays may contain over a thousand sensors, efficient methods of combining 

more sensors onto one fibre have been investigated. A technique based on incorporating Er3+ 

doped fibre amplifiers in the rungs of a ladder architecture to overcome the power splitting 

losses has been investigated by two groups [2.66-2.69] and an example of such an architecture is 

shown in fig. 2.16(e). An experimental system has been set-up with a ten rung ladder and 

twenty Er. Yb doped fibre amplifiers. By considering the effective noise figure of such an array 

compared to that of a standard ladder architecture, a system capable of driving up to 300 

sensors whilst maintaining an interferometric phase resolution of around 5 p. rad. Hz'"2 was 

demonstrated [2.69]. 

2.10.3 Dynamic range in multiplexed ystems 

The dynamic range of a sensor in the TDM architecture can be deduced by considering the 
frequency spectrum of a single heterodyne pulse and determining the available bandwidth. We 

consider the case for f1ep » ff . The frequency spectrum in this case is shown in fig. 2.17. To 

maximise the available bandwidth, the condition f, = fa,, /4 should be met so that the spacing 

of adjacent carrier components is maximised. In this case AB = 2f, where f, = ACr) / 2; r. 

Using the example given above and taking the length of fibre in a hydrophone, L, =100m and 

using the relation z= nL, 1c, gives f7ep =111 kHz. Thus, ff =28kHz, AB =56kHz and using 

(2.80) gives (o =19 rads (rms). Taking the phase resolution as 10 µrad. Hz 112, the dynamic range 

is 126 dB re Hz-/2. In a hydrophone array this dynamic range would be reduced slightly due to 

the increase in noise from ambient acoustic noise in the ocean and a more detailed analysis of 
these systems can be found in chapter 5. 
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Figure 2.17: Spectral content of heterodyne pulse for case when fiep » fc (DC term removed) 

2.10.4 The digital demodulator 

Early hydrophone systems used demodulators based on the analogue differentiate and cross 

multiply technique for the homodyne PGC scheme and frequency discriminators or phase- 

locked loops for the heterodyne scheme. In these cases, the dynamic range of the sensor was 

often limited by the dynamic range of the analogue components used in these demodulators 

rather than due to bandwidth limitations. Recent advances in digital data capture and signal 

processing has led to the development of the digital demodulator. This involves sampling of the 

photodiode signal and extraction of the phase signal of interest by applying one of the 

techniques described above in a processing algorithm. The digital demodulator provides two 

major advantages over the analogue demodulator: (i) by setting the sampling rate sufficiently 
high (usually twice the maximum frequency component of the photocurrent signal in order to 

satisfy Nyquist's sampling theorem), the modulated signal can be captured without 

experiencing any distortion. Thus, in-principle the bandwidth limited dynamic range described 

above can be obtained; and (u) taking a discrete sample during each pulse in a TDM signal 

returned from a multiplexed sensor array allows simultaneous demodulation of many sensor 

signals using a single analogue to digital converter. This greatly reduces the cost and complexity 

of the demodulation electronics for large multiplexed systems. 

The digital demodulator also provides considerable flexibility during the process of extracting 
the phase modulating signal. The lowest signal frequency of operation of the demodulator is 

specified in the algorithm, which makes possible phase tracking to DC. Once digitised, the 
signal can be extracted numerically using an algorithm based on the differentiate and cross 
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multiply or arctangent technique. It is also straightforward to implement a fringe counter 

allowing unambiguous measurement of phase greater than 27r. 

2.11 Techniques to Eliminate Polarisation Induced Signal Fading 

When two coherent beams from an interferometer interfere, the fringe visibility, V, is 

dependent on the relative states of polarisation (SOP) of the two beams. Maximum visibility 

occurs when the SOPs are aligned and no interference occurs when the SOPs are orthogonal. It 

is well known that standard telecom grade optical fibre exhibits a small birefringence that 

causes the SOP of the propagating beams to change randomly as it travels along the waveguide. 

Also, external effects such as asymmetric stresses (due to changes in pressure or temperature) 

or twist will affect the birefringence of the fibre [2.70]. These environmental factors result in an 

effect known as polarisation induced signal fading in interferometric sensors, where the carrier- 

to-noise ratio (CNR) varies with time due to a time varying fringe visibility. In some 

circumstances, a finite degradation in the CNR can be tolerated; however, some form of 

polarisation control scheme is needed to avoid complete extinction of the interference signal. 
An elegant method to achieve maximum fringe visibility from Michelson interferometers or a 

reflectometric array uses a type of ortho-conjugate mirror known as an orthogonal mirror 

[2.71]. This device makes use of the Faraday effect to produce a reflected beam that has a SOP 

orthogonal to that of the incident beam. If used in place of the standard mirrors in a Michelson 

interferometer, the light received from each arm will always be in a polarisation state orthogonal 

to that of the launched light, regardless of the birefringence properties of the fibre 

interferometer. The non-reciprocity of the fibre birefringence for counter-propagating beams 

effectively untwists the effect on the SOP of the birefringence on the journey to the mirror 
during its return journey. These devices have been used in interferometric sensors and have 

shown that maximum visibility can be maintained from multiplexed sensors [2.72]. However, 

although these devices are electrically passive, their high cost usually precludes their use in large 

arrays of sensors. The use of high birefringence fibre throughout the array has also been 

attempted, but imperfections in the components results in some residual fading. Also 

component costs and array construction complexity tends to render this approach unviable. 

The polarisation and birefringence properties of fibre interferometers have been studied 

extensively and several schemes have been proposed that rely on either control of the input 

light SOP or SOP selection of the received light. These are now described. 
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Techniques based on input light polarisation control: Analysis of the polarisation 

properties of fibre interferometers revealed that the fringe visibility was dependent on both the 

input SOP of the light to the interferometer and the birefringence properties of the two fibre 

arms. It was shown that there exist unique SOPs or eigenmodes of the net birefringence vector 
for which optimum visibility was obtained and this formed the basis of a technique that used 

active feedback to maintain optimum visibility [2.73]. Another technique that used pseudo- 

depolarisation of the input light to the interferometer to overcome fading due to birefringence 

effects of the input lead has also been demonstrated [2.74]. These techniques cannot fully 

overcome polarisation induced signal fading for multiplexed arrays. However, more recently a 

technique based on switching of the polarisation state of the input light into an array of sensors 
has been demonstrated [2.75]. The principle is shown in fig. 2.18 for a reflectometric array. An 

electro-optic polarisation modulator is placed between the laser source and AOM that allows 

the' linear SOP of the laser output to be rotated by 900 and the SOP of the second pulse in 

alternate pulse pairs to be rotated by 90° relative to the others. When the fringe visibility from 

one set of pulses falls to zero, the fringe visibility of the second set of interrogating pulses will 
be approaching maximum. A selection circuit is then employed to choose the interference 

signal with the larger visibility. Successful operation of this technique relies on the fact that 

orthogonally polarised light launched into a fibre will remain orthogonal in polarisation 

regardless of the birefringence properties of the fibre assuming that there is no polarisation 
dependent loss [2.76]. 

fl f2 fl f2 
SOP $$$- 

nn nn 12N 

`ýnI'1 ýn n Pin 
Figure 2.18: Polarisation switching technique with the PRA architecture after [2.75] 

Techniques based on received light SOP selection: If the SOP of the two beams from the 
arms of an interferometer become orthogonal, then direct detection will produce no 
interference. However, by passing the light through a linear polariser, prior to detection, that is 
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orientated such that there exists a projection of both polarisation states onto the axis of the 

polariser, the transmitted light will produce an interference signal since both SOPs are now 

aligned with the polariser axis. This breaking of the orthogonality between the SOP of the light 

beams forms the basis of a technique known as polarisation diversity detection and has been 

demonstrated using a mask formed from three linear polarisers with their axes aligned 60° to 

each other. The light from the interferometer output fibre is expanded and passed through the 

mask and the output of each polariser is detected separately. It was shown that for all input 

SOPs there exists an output that exhibits a finite fringe visibility. For slow variations in fringe 

visibility, selection of the signal with the highest fringe visibility allows for continuous operation 

of the sensor [2.77,2.78]. 

2.12 Obtaining Optimum Noise Performance and Dynamic Range in Multiplexed 

Systems 

Self-noise in fibre-optic interferometric sensors is usually generated by the laser source or 

receiving electronics, rather than in the transducer itself. Only a few exceptions exist such as 

transducers with very long lengths of fibre generating thermal noise or very high responsivity 

accelerometers where thermal noise in the mass-spring transducer mechanism can be significant 
[2.32]. In order to achieve low noise performance in a fibre optic sensor system, the same 

principle must be applied to the system design as for any other multi-element system. That is, 

every component must be viewed as a potential noise source and therefore every component 

should be characterised individually. A single poorly performing component could severely 
degrade the entire system performance, affecting both the sensor resolution and dynamic range. 
For example, a poorly chosen oscillator used for the acousto-optic modulator drive signal may 

significantly reduce the phase resolution of every sensor. The reduction in phase resolution is 

also accompanied with an equal reduction in dynamic range. In fibre-optic hydrophone arrays 

that operate in relatively benign environments (such as sea-bed arrays), laboratory demonstrated 

performance can generally be achieved in field-test systems. However, the performance of 

systems operating in more extreme environments is more difficult to characterise without 

rigorous field-testing. High vibration environments may induce both excess frequency noise in 

the laser and excess phase noise in the path balance optics. Systems with long stand-off fibre 

links may also be susceptible to polarisation induced phase noise caused by birefringence 

modulation in the link fibre being converted to phase-shift in the interferometer [2.79]. For 
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systems of these types, careful attention to aspects such as sensor and fibre packaging become 

essential in obtaining acceptable performance. Active control of device performance, when 

exposed to extreme conditions, using feedback techniques may also be required to ensure the 

required performance is maintained. 

Another useful design principle is to reduce stray photons. In systems with optical amplifiers 

and long fibre links, use of bandpass optical filters and isolators to reduce amplified 

spontaneous emission (ASE) power residing away- from the signal wavelength and 
backscattered power due to Rayleigh scattering [2.80] safeguards against degrading amplifier 

performance, and removes unwanted noise sources. Unwanted reflections from poor splices 

and connectors can also generate parasitic optical cavities. Uncontrolled interferometers of this 

type can be a major source of noise, particularly when high coherence lasers are used, since on 
detection, the noise fields add coherently [2.81]. This problem can be exacerrbated if the 

extinction ratio of the launch pulses is not sufficiently high in TDM systems. 

Finally, another unexpected noise source can arise from aliasing and cannot generally be 

removed by spectral filtering. In systems where many carrier frequencies and harmonics are 
present, such as phase generated carrier [2.82] and multiplexed systems, noise sources that 

appear as sidebands onto these carriers can generate excess noise at frequencies corresponding 
to adjacent carrier frequencies. This effect is generally significant if the spectral density of the 
aliased noise increases with frequency, which is the case for the frequency noise of some lasers 
[2.83] and intensity noise. Ensuring that the spectral density of all noise sources is either 
constant or falls with frequency reduces the impact of aliased noise. 

2.13 The Erbium Doped Fibre Amplifier 

The erbium doped fibre amplifier (EDFA) has become an important component of large-scale 
hydrophone arrays and we now discuss the basic properties of the erbium gain medium and the 

noise properties of the EDFA. 

In this section we shall outline the properties of the EDFA relevant to the interferometric 

sensor application. We shall first discuss the basic properties of the EDFA in terms of the gain, 
saturation power, emission spectrum and noise figure. We then derive simple expressions for 
the noise generated on detection due to the presence of amplified spontaneous emission in the 
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received signal. This is followed by a description of the effects of noise accumulation in 

concatenated chains of EDFA's. Finally, we describe some practical aspects of amplifier 
designs. It is intended that the expressions developed here to characterise the amplifier 

performance shall be used in the modelling of sensor arrays incorporating EDFA's presented in 

chapters 5 and 6. 

The EDFA provides amplification to signals that occupy the spectral region corresponding to 

the emission spectrum of erbium (approximately 1525 nm to 1560 nm for an Al-Ge-Si host 

glass and a full inversion). By doping the core of an optical waveguide with Era+, an amplifier 

can be realised when a short wavelength pump is injected into the guide, which causes the 

ground state electrons of the Er" ion to be raised to an excited state. Injection of a second 

signal beam at a wavelength corresponding to the emission spectrum of the erbium-glass 

medium causes stimulated emission at the signal wavelengths and hence amplification of the 

signal beam. Amplifiers of this type were first demonstrated in [2.84,2.110], which instigated 

considerable research effort into all aspects of the design of the EDFA. This has generated a 

wealth of literature which we can draw on to describe the operation of the EDFA [2.85-2.87]. 

The invention of the EDFA paved the way for the development of high bandwidth, long 

distance optical communication links with all-optical signal regeneration, operating in the low 

loss wavelength region in silica fibre. This removed the need for the electro-optic signal 

converter and regenerators in use in the early 1980's. In parallel with this was the development 

of reliable, low cost, high power pump lasers. For the interferometric sensor application, 
incorporation of the EDFA permits significant increases in the array size and fibre link length 

between the array and interrogation electronics; it can also be used to overcome the passive 
losses associated with fibre telemetry in multiplexed systems. 

The long lifetime (r2 -10 ms) of the excited state of the Er3+ ion, corresponding to the 1.5µm 

transition, (the upper laser state) leads to the relatively broad gain bandwidth of the EDFA, 

undistorted amplification of high bandwidth (i. e. high modulation rate) optical signals and the 
potential for multi-wavelength amplification. The ability to achieve near unity inversion with 
low signal and pump excited state absorption and high erbium concentration without 
significant erbium-erbium ion interaction has resulted in amplifiers with high gain (> 30dB) and 
low noise figure (-3 dB). The compatibility of the doped silica fibre with the silica based 

transmission medium also results in low coupling loss between fibres. The gain of the EDFA 
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has also been shown to exhibit low dependence on signal polarisation. All of these attributes 

make the EDFA ideal as an amplifier for high bandwidth, multi-channel signal amplification. 

The Era ion in a silica host has absorption bands around 520nm, 650nm, 800nm, 980nm and 

1500nm, which are around 10-20nm in width [2.87]. Highest efficiency is achieved by pumping 

at 980nm or 1480nm due to the low excited state absorption (ESA) compared with the other 

absorption bands (pump ESA can still be present when pumping at 980 nm and is observed by 

the emission of a green fluorescence). When pumped at 980nm the gain medium is a three 

level system. A 980 nm photon excites the Er3+ ion to a upper level which rapidly decays to the 

upper laser state, as shown in fig. 2.19(a). A 1480 nm pump photon excites the Er'+ ion directly 

into the lasing state, and hence resembles a two level system. However, it can be modelled as a 

three level system since the energy band of the upper laser state is significantly broadened, and 

a relaxation occurs to the lower portion of the upper laser state, as shown in fig. 2.19(b). In the 

case of 1480nm pumping, it is not possible to achieve unity inversion since the ground state 

population can never be zero. This has implications for the quantum limit of noise figure when 

1480 nm pumping is employed, as described below. 
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Figure 2.19: (a) 3-level and (b) quasi 2-level laser systems 

2.13.2 Ampli sed spontaneous emission and the noire figure 

Stimulated emission in the amplifier is also accompanied by spontaneous emission, due to the 

spontaneous relaxation of the excited ions from the upper laser state to the ground state, in the 
absence of a signal photon. In the EDFA this results in a broad fluorescence spectrum, 

extending from 1525nm to 1560 nm in a Silica host, which propagates with the signal, as 
illustrated in fig. 2.20. 
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Figure 2.20: Principle of operation of the optical amplifier 

For a single transverse mode amplifier with a gain, G, the amplified spontaneous emission 

power in one polarisation mode per unit bandwidth at the output of the amplifier, assuming the 

amplifier is unsaturated is [2.87], 

PASE = nsp (G -1)hv (2.91) 

where nsp is the inversion parameter, h is Planck's constant, v is the optical frequency and 

Av,, 
P, 

is the optical bandwidth. Thus we can define the optical signal-to-noise ratio (OSNR) as, 

GF P OSNR = 2P, SE0 vOP, 4nsphvA v0 , 
2.92 

where Pu, is the input power to the amplifier and we have assumed that (G -1) -GG. The factor 

of two accounts for the presence of two polarisation modes in the EDFA. When the output of 

the EDFA is detected by a photodiode, the photocurrent generated is given by the square of 
the total optical field where, 

E,,,, = ES; 
B + EASE (2.93) 

Thus, from (2.36) the photodiode current is, 

i 
pd= rE 

2i, 
+ EA2SE + 2Esig EASE ) (2.94) 

where the first term is pure signal, the second term is pure ASE noise (referred to as 
spontaneous-spontaneous beat noise) and the third term results from the beating of the signal 
with the ASE (referred to as signal-spontaneous beat noise). r is the photodiode responsivity. 
The ASE signal also generates its own shot noise. The noise currents for each noise source are 
given by [2.88], 
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is 
Sp = 4r2GP..,, PAsEOf (2.95) 

1 P_SP =4r 2P Ev Elf (2.96) 

t p-sh = 4rePASEAvop,, &f (2.97) 

is sh = 2e277GP,. 
�Of 

/ by (2.98) 

where -j2 is the signal-spontaneous beat noise (s-sp), -ii is the spontaneous-spontaneous beat 

noise (sp-sp), ; is the spontaneous-shot beat noise (sp-sh) and ; is the signal-shot noise. 

Note that is calculated using the ASE power in the same polarisation mode as the signal. 

The spectral shape of (2.95) and (2.96) has been investigated in [2.89]. Here it was shown that 

s-sp noise exhibits a flat spectral density and occupies a single-sided bandwidth between dc and 

the electrical bandwidth. However, sp-sp noise exhibits a triangular spectral shape with a 

maximum at dc which falls linearly to zero at a frequency of A voo, . When pf «0 vow sp-sp 

noise can be approximated by a white noise source, with a power density equal to 4r2P EA vom, . 

One can analyse the noise performance of the amplifier by determining the electrical signal-to- 
noise ratio produced by an ideal detector placed at the input and output of the amplifier; we 
ignore the detector thermal noise in this calculation. By inspection, it can be seen that 

and and the electrical signal-to-noise ratio (SNR) at the amplifier output is given by, 

(rGI )2 SNROut =22 (2.99) 

Thus, providing the condition 2GP,,, > P, sEAv,, P, 
is met by reducing E V01 with an optical filter, 

then ;,; ý_ý such that, 

SNRou = 
P" 

(2.100) 4n5PhvEf 

-68- 



2- Review of sub-sea hydrmphone arrays and interfemmetric fibre-optic sensor technology 

and SNRO�r is limited by s-sp noise only. For the case when the noise of the input signal is 

limited by shot noise, 

SNR; 
n = 

(rI )2 
= 

rP" (2.101) 
IZ 2eAf 

The noise figure of the amplifier is defined as, 

F= 
SNRi� 

(2.102) 
SNRoI 

and is calculated assuming an ideal detector with unity quantum efficiency using (2.101) and 
(2.100) such that, 

F= 2n5p 
(G-1) 

= 2n5 % (2.103) 

where we have added 2' an excess noise factor due to splice and component losses. This is the 

so called `quantum limit' of the noise figure for a high gain amplifier. For the case when ,Z =1 

and nsP =1 then F =2' (or 3 dB). It is not a true `quantum limit' since a noise figure less than 2 

can be achieved with a low gain amplifier; however these are generally not used in practice; it 

does however show that amplification will always be accompanied by the addition of noise in 

accordance with the Heisenberg Uncertainty principle. We can determine the input power 

required for a typical EDFA to ensure s-sp limited detection. The noise figure as a function of 
input power is shown in fig. 2.21, calculated using (2.99), (2.101) and (2.102) and plotted for 

values of nsp from 1 to 32. Here we have assumed A =1550 nm, Af =1 Hz, i vo,, =100 GHz, 

=1 and 7 =1. In general, it is possible to achieve noise figures of -2 with 980nm pumping 

and -3 with 1480nm pumping. 
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Figure 2.21: Noise figure and OSNR as a function of inputpon'er 

Thus, the noise figure is `quantum limited' for P.,, greater than 0.5µW when n5 -1. In an 

EDFA, n5,, and hence F are wavelength dependent (due to the wavelength dependence of the 

absorption and emission cross sections). However, if the signal wavelengths are chosen to 

occupy a flat region of the gain spectrum, then one can ignore this wavelength dependence. In 

this case, the small signal performance of the EDFA is fully characterised by G and F. We 

can also determine the OSNR as a function of input power and this also is shown in fig. 2.21, 

where we have assumed A =1550 nm, ni,, =1 and Ov0P, = 12.5 GHz (1 A or 0.1 nm), which is a 

typical measurement bandwidth for optical spectrum measurements. The OSNR is close to 

unity when P,, -10 nW. 

2.13.3 Noise in concatenated optical ampli rers 

It is necessary in many system configurations to concatenate several amplifiers together, as 

shown schematically in fig. 2.22. Here G,, F (i =1,2,3... j) are the gain and noise figure of 

each amplifier and I is the amplifier spacing. We can thus define the transmission loss 

between each amplifier as T, = exp(-aL) where a is the fibre attenuation. 
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Gi 
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Figure 2.22: Concatenated amplifier chain 

The total noise is now dependent on the cumulative ASE noise contributed by each amplifier 

and can be expressed by a total noise figure. Considering the case of two concatenated 

amplifiers the total ASE power is given by, 

G2TZPPSE + P; SE (2.104) 

where Pasr-, PnsE are the ASE power generated by amplifiers 1 and 2 respectively. The SNR at 

the end of the two amplifier chain is thus, 

SN = 
(rG'T'G2T2F )2 

(2.105) 
2r2G1T1G2T2F [T, G2TZF, (G, -1) + FZ (G2 -1)] hv1f 

From (2.102), 

SNRR 
(2.106) F`°` = SNR2 

Thus using (2.101), (2.105) and (2.106), 

F 
F, = F, +2 (2.107) 

G, T, 

Extending this analysis to the case of fig. 2.22 yields the general form of (2.106), 

Fý, =F+G, T, 
+- 3 +..... + i-I (2.108) 

i 2Ti GrTr 
r=1 
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In the limit when L-0, the total noise figure is dominated by the noise figure of the first 

amplifier, as is the case for concatenated electrical amplifiers. If the transmission loss between 

amplifiers is set to equal the amplifier gain such that Ti = (G, )-' and the noise figures of the 

amplifiers are equal to F, then (2.108) reduces to, 

Fot = jF (2.109) 

2.13.4 Power amplifiers 
When the EDFA is used as a power booster, for optimum performance it must exhibit high 

output saturation power and this is generally achieved by optimising the pump to signal photon 

conversion efficiency. The large signal characteristics of the EDFA have been investigated in 

[2.90]. A figure of merit for the power amplifier is the quantum conversion efficiency (QCE), 

which is defined as the increase in the number of signal photons, due to the amplification, 

divided by the number of launched pump photons. By optimising the design of the waveguide, 

erbium confinement and erbium concentration, it is possible to achieve broadly similar QCE 

with either. 980nm or 1480nm pumping. However, in a practical amplifier, the amplifier 

efficiency is usually characterised by the maximum output power as a function of the input 

pump power. In this case, higher efficiency is achieved with a pump wavelength close to the 

signal wavelength (. e. 1480 nm pumping). It follows from the discussion given above that an 

amplifier with a high gain, high output saturation power and low noise figure is achieved with a 

two stage amplifier comprising a 980nm pumped section followed by a 1480nm pumped 

section. 

When modulated signals are injected into the EDFA, the long lifetime of the Er3+ ion lasing 

state results in the amplifier gain being independent of the modulation rate when the 

modulation rate is greater than -1/ r2 (125 Hz); thus, in general the amplifier responds to the 

average input power. The performance of the power amplifier is characterised by the large 

signal gain curve, as shown in figure 2.23. The saturation power can be defined as the input 

power for which 3 dB gain compression has occurred from the small signal gain level. It is also 
found that the noise figure increases slightly with high input power and is due mainly to the 

signal gain saturation with a high input signal power. 

-72- 



2 -- Review of rub-sea hydmphone arrays and interferometric fibre-optic sensor technology 

35 

25 

20 

15 
C7 

10 

5 

30 

P° 
sat 

-x 

14 

12 ö 
US' 
CD 

10 co 

m 
8 ö, 

co 
6 

01iiiiIr. 
IiIIiiiIIIIiii1 

-40 -30 -20 -10 0 10 
Pin, dBm 

Figure 2.23: Large-sgnalgain and noise figure curve for the EDFA (MPB ModelEFA-P18) 

2.13.5 Multi-channel amplifiers 

The large gain bandwidth and long lifetime of the laser state of the Era' ion also permits low 

crosstalk multi-channel amplification, which makes it ideal for dense wavelength division 

multiplexed systems (DWDM). The gain per wavelength is determined by calculating the total 

input power and using the gain curve figure in fig. 2.23. For systems with multiple amplifiers, 

the dependence of the gain on wavelength must be considered. In a heavily pumped amplifier 
(. e. fully inverted), the gain can be found to increase by up to 10 dB at wavelengths around 
1530nm compared to the gain above 1540nm. In order to ensure that constant power per 

wavelength is maintained, gain equalisation should be used. One technique is to operate the 

amplifier in saturation such that the inversion towards the end of the doped fibre is reduced. 
This has the effect of generating absorption in the low wavelength region, and hence flattens 

the gain. The ASE spectrum as a function of pump power in mW (at 1480nm) is plotted in fig. 

2.24, which shows that an approximately flat gain can be achieved with a pump power of 

around 16-18 mW. 
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Figure 2.24: ASE power vc wavelength and pump power 

Gain flattening by operating the amplifier in saturation imposes further limitations on the input 

powers and can complicate system design, particularly when large numbers of amplifiers are 

involved. Other techniques involve use of a different host glass (such as fluoride or tellurite 

fibres); broadband gain clamping by reducing the doped fibre to cryogenic temperature such 

that the amplifying medium is primarily inhomogenously broadened; hybrid EDFA's 

comprising doped fibres with different host glasses; and by using a passive filter [2.85]. The 

latter technique is generally the most commonly used method of gain flattening at present and 

can achieve gain flatness within 1 dB over 30 nm. However, some degree of dependence of the 

gain flatness on the input powers still exists, and must be taken into account when designing a 

system. 

2.14 The In-Fibre Bragg Grating 

We now turn our attention to the in-fibre Bragg grating (IFBG) and discuss the basic principles 

and its use as a sensor. 

An IFBG can be formed in germanium doped fibre by illuminating the core of the fibre with a 

sufficiently intense beam of light such that a localised change in refractive index is induced, due 

primarily to the photosensitivity of the germanium dopant. Light from a UV laser (typically 

- 240nm) is focused onto the side of the fibre and using either interferometric [2.92] or phase 

mask [2.93] techniques, a sinusoidal variation in the refractive index can be induced in the core 
forming a diffraction grating. When illuminated by a white light source, the grating will couple 
light into a counter propagating mode at a wavelength known as the Bragg resonance, a 

. B, given 
by, 
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A, 
6 = 2nA (2.110) 

where n is the effective core refractive index and A is the grating pitch. Thus the effects of 

strain, temperature and pressure on either of these quantities provides a means of sensing by 

encoding this information on the wavelength. It follows from (2.110) and the analysis presented 

in section 2.6 that the fractional change in wavelength of the IFBG is given by, 

AAB 
=&Z- 

i2 [(Pii+Pi2)er+Pi2ez] (2.111) 
eT 

and, 

AAAS AS 1 a_ 1än 
+1 er n2 C(pii+Piz). +Piicc ý 12.112) 

. BOT Pn 
äT 

p 
AT Z2 

where the subscripts T and P denote constant temperature or pressure and the other terms 

are as defined above. A large number of techniques exist for interrogation of IFBG's [2.94- 

2.96]; however, high resolution measurement of the wavelength shift can be achieved using an 

unbalanced interferometer as a frequency discriminator [2.97], where the sensitivity increases 

with the path imbalance. The maximum possible path imbalance in the interferometer is 

determined by the coherence length of the light returned from the grating that can be 

approximated by, 

Lý= (2.113) 

where LU is the full-width half-maximum (FWHM) bandwidth of the IFBG. For an IFBG 

with AB =1550 nm, AA=0.05 nm then L, =48 mm, which using the relation 

Ii o= (22rnLL l AB) tA gives AO/AA=184 rad. nrn-1. The responsivity of a bare grating to 

pressure has been measured in chapter 4 to be about -3.5x10-9nm. Pä' which agrees well with 

the value of -4.4x10-9 nm. Pa-' calculated using (2.111) and assuming hydrostatic boundary 

conditions. Assuming an interferometric phase resolution approaching 100 µrad. Hi"2 at I kHz 
is achievable with PGC or heterodyne techniques, the minimum detectable pressure from a 

-75- 



2 -Review of sub-sea hydrophone arrays and interferometric fibre-optic sensor technolop, y 

Bragg grating sensor would be about 150 Pa, limited by the path imbalance in the decoding 

interferometer. This resolution is generally not high enough for acoustic measurements that 

typically require a pressure resolution less than 100 JPa. Hz-1"2. Reducing the linewidth of the 

IFBG allows a longer path imbalance to be incorporated into the interferometer, however, this 

also results in reduced optical power being returned from the IFBG. Typically, it is possible to 

make gratings around 10cm in length, which would exhibit a linewidth, Ani. =0.016nm 

(assuming a weak grating). A potential solution is to replace the IFBG with an active grating 

such as an in-fibre laser (IFL). We shall see in chapter 7 that the linewidth of the spectral 

emission from these devices is of the order of 1 kHz, which allows a large imbalance to be 

incorporated into the interferometer. 

An IFL sensor may consist of two closely spaced IFBG reflectors forming a Fabry-Perot (FP) 

cavity or a distributed feedback structure (DFB), of the type described in chapter 7. If the fibre 

is doped with a rare earth element such as erbium then the device can be forced to lase if a 
sufficiently powerful optical pump is injected into the cavity. In the case of the Fabry-Perot 

design, the laser can be forced to oscillate in a single longitudinal mode by making the cavity 
length sufficiently short (typically about 5 cm) such that the free spectral range of the cavity is 

much larger than the IFBG FWHM [2.98,2.99]. Single longitudinal mode lasing will occur if 

the Bragg resonances of the IFBGs are designed to overlap one of the cavity modes of the FP. 

Since the lasing wavelength is proportional to the cavity length, temperature, strain or pressure 

will modulate the lasing wavelength. In this case, the sensor self-noise is determined by the 

thermal noise generated in the laser cavity. The unbalanced interferometer merely acts to 

amplify the frequency noise-induced phase-shift in order to overcome the noise sources 

associated with the interferometer (such as laser intensity noise and detector thermal noise). An 

optimised sensor would be realised when the path imbalance is set such that the sensor self- 
noise is due to laser cavity thermal noise and the other noise sources (which are not dependent 

on the interferometer imbalance) are some way below this. Having measured the laser 
frequency noise, as 15 Hz. Hz'/2 at 1 kHz in chapter 7, for the DFB fibre laser (a similar or 
slightly lower noise' level would be expected for the Fabry-Perot type laser), and taking the 
responsivity to pressure in terms of frequency as, AV/AP=536 Hz. P1', the thermal noise 
equivalent pressure is 37 mPa. H11"2. This is an improvement in pressure resolution of 4020 

compared with the IFBG. Although these sensors are still at an early stage in their 
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development, they offer the possibility of an ultra-high resolution pressure/strain measurement 
from a very short gauge length device and distributed feedback IFLs have been demonstrated 

as multiplexed acoustic sensors [2.100]. 
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Part II 
Sensor Design 

Chapter 3 

HIGH RESPONSIVITY FIBRE-OPTIC FLEXURAL DISK 
ACCELEROMETERS1 

Abstract- This chapter presents performance measurements of fibre-optic flexural disk 

accelerometers. The flexural disk acts as a mass-spring element to which the fibre is bonded, 

such that an acceleration causes a strain to be imposed on the fibre which is measured 

interferometrically. Simple analytical models have been written to calculate the responsivity and 

resonant frequency of disks under various boundary conditions and the results of the models 

have been shown to be in good agreement with the measured responsivity for the case of 

moderately thick disks. Six optical fibre accelerometers based on flexural disks of different 

thickness and supports have been demonstrated to exhibit a responsivity in the range of 28 to 

39 dB re 1 rad. S1 with a resonant frequency between 2.4 kHz to greater than 5 kHz 

respectively. Of the designs considered, the centrally supported disk is shown to give the 

highest combination of responsivity and bandwidth. A centrally supported disk has been 

demonstrated to exhibit a flat response up to 2 kHz and a responsivity of 37 dB re 1 rad. g', 

which when combined with an interferometric phase resolution of 10 . trad. Hz"1'2 would give a 

minimum detectable acceleration of 141 ng. Hz /2. We have attempted to cover all aspects of 

the sensor design including responsivity, bandwidth, cross-responsivity, phase response and 

size and find that a complicated compromise between all of these design parameters is required 

to achieve the optimum performance. 

3.1 Introduction 

Detection of sound underwater has, conventionally, been achieved with pressure sensing 
hydrophones which exhibit an omni-directional response, where the wavelength of the 

acoustic signal is significantly greater than the maximum dimension of the hydrophone, as is 

1This chapter is a transcript of the paper by G. A. Cranch and P J. Nash, 2000 "High- 
Responsivity Fiber-Optic Flexural Disk Accelerometers" J. of Ilghhvave Technology 18 (9) 1233- 
1243 
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the case at low acoustic frequency. When such sensors are formed into an array, the outputs 

can be combined to form beams that can be steered, by applying time delays between the 
individual sensor signals before re-combination. This beam-forming technique allows the 
location of the source of acoustic emission; however, for many array designs there often 

remains an ambiguity in the precise location of the source due to the symmetry of the array 
[3.1]. It generally remains unknown as to whether the source is above or below, or to the left or 

right of the array. For this reason it is desirable for the sensor to exhibit a directional response 

over the entire frequency range, which will remove this location ambiguity and hence allow 

precise location of the source of acoustic emission. A sensor that responds to a vector 

component associated with the acoustic field, such as the acceleration, velocity or particle 
displacement, will exhibit this desired directional response and therefore can be used as an 

alternative to the scalar pressure measurement. The sensor is required to be of low mass and 
small size compared with the acoustic wavelength, and may be mounted such that it exhibits 

neutral buoyancy in the array structure. 

Development of the fibre optic hydrophone array [3.2] has led to interest in a fibre optic vector 

sensor' that can be interrogated using the same techniques as for the hydrophone array, i. e. 
interferometry. Fibre optic based accelerometers provide all the advantages inherent with fibre 

optics sensors such as ease of multiplexing, immunity to EMI, an electrically passive sensor and 

the ability to include in the same network sensors designed to measure different parameters. 
Recent interest in fibre optic based accelerometers has led to a number of sensor designs being 
developed [3.3], optimised for particular combinations of bandwidth and responsivity, which 

we reviewed briefly in section 2.6.3. The basic design of the accelerometer uses inertial force to 

generate strain in the fibre, which is measured interferometrically by the effect on the phase of 
the optical signal propagating through the fibre. The relationship between the induced phase- 
shift and the acceleration is known as the responsivity, AO/AA, and is expressed in units of 

radians per g, where 1g is approximately equal to 9.8 ms2. The responsivity is often expressed 
in decibels by calculating 201og, o(AO/MA) re 1 rad. g'. 

One design uses as a sensing element a mass-loaded compliant mandrel, around which the fibre 
is wound. The sensor demonstrated in (3.4] achieved a responsivity of 80.4 dB re I rad. g'' and a 
resonant frequency of 300 Hz with an inertial mass of 542 gramme. A similar type of sensor 
designed for high temperature applications achieved a responsivity of 52.6 dB re 1 rad. g'' and a 

-89- 



3- High responsivity fibre-optic flexural dirk accelerometers 

resonant frequency of 413 Hz with an inertial mass of 127.5 grammes [3.5]. These sensors, 

although achieving high responsivity, are less practical for the array applications described 

above due to their high mass and size, approximately 60mm in diameter by 70 mm for the 

device described in [3.4]. 

A design, potentially lighter and more compact is based on a flexural disk onto which the fibre 

is bonded. A design of this type comprising two edge-supported flexural disks demonstrated a 

responsivity of 34 dB re 1 rad. g' and a resonant frequency of 2450 Hz with a mass of 7.7 

grammes [3.6]. A similar design based on a single edge-supported disk achieved a responsivity 

of 20 dB re 1 rad. g' and a resonant frequency of 17 kHz, and in a centre-supported disk 

configuration achieved 19 dB re 1 rad. g t and a resonant frequency of 12.5 kHz in a device of 

size 35mm diameter by 17mm [3.7,3.8]. More recently a design consisting of two flexural disks 

and a large seismic mass has demonstrated a responsivity of 69 dB re 1 rad. g' and a resonant 

frequency of 180 Hz [3.9]. The flexural disk design has, thus, been demonstrated to achieve a 

range of combinations of responsivity and bandwidth in a device of sufficiently small size and 

low mass for array applications. 

This chapter describes work carried out to design flexural disk based accelerometers that are 

simple to manufacture, exhibit high responsivity and flat frequency response, low responsivity 

to orthogonal motion, i. e. cross-responsivity, moderately high bandwidth (up to lOkHz) and 

small size. The acceleration resolution obtained from the sensor will depend on the 

interferometric phase resolution. We shall assume a phase resolution of 10µrad. Hz'1/2 and aim 

to achieve an acceleration resolution of less than l00ng. Hz'"Z. Thus, the transducer responsivity 

must be greater than 100rad. g"' (or 40 dB re 1 rad. g'). We shall also aim for a bandwidth of -3 

kHz with a maximum dimension of 70mm. Achieving this resolution must not compromise the 

other design requirements of the' sensor. The requirement for high responsivity and high 

bandwidth has led us to develop detailed analytical models to identify the most efficient 

method of mounting the disk. The work carried out has identified this optimum mounting 

technique in a device of fixed size and fibre length and the sensors that have been constructed 

exhibit some of the highest combinations of responsivity and bandwidth reported in the 

literature to date. 

-90- 



3-F ugh resßonsiwl}, frhre-optic jle iirul disk accelerometers 

A number of disk mountings are modelled using theory based on small static deflections ()f 

moderately thick circular plates and on the dynamic motion of thin circular plates; the models 

used to predict the responsivity of the disks are described in sec. 3.3. The prediction of the 

resonant frequency of the various disks is then described in sec. 3.4 along with an explanation 

of the treatment of the composite disk structure in sec. 3.5. A comparison between the 

performance achieved by the disks under the various boundary conditions considered is given 

in sec. 3.6. Sec. 3.7 and 3.8 then discuss the sensor construction and responsivity calibrations. 

The results and discussion are then given in sec. 3.9. Finally, sec. 3.10 describes system noise 

sources. 

3.2 Principle Of Operation 

The operating principle of the flexural disk sensor is illustrated in fig. 3.1. The sensor consists 

of a coil of fibre encapsulated into the surface of an epoxy disk which is either rigidly supported 

around the edge or through the centre by an aluminium support. An inertial force acting on the 

support will cause the disk to flex, shown by the dotted line, and this flexing motion induces 

strain in the fibre coil, which is detected interferometrically. The underlying assumption when 

modelling the sensor is that the central plane in the disk is the neutral surface and any point not 

lying within this plane will shift its origin, thus inducing a strain. The sensor will exhibit 

maximum responsivity to the inertial force acting through the axis normal to the disk surface 

and minimum resp>nsivity when the force acts in the plane Ot the disk. 

`---------- E- I ihrrl; i)rr-ji. 

---------- Aluminium 

11 

4( Support 

Fixed edge supported disk Centre support disk 

}` iii 3.1: I'rriteip/ of operation of/he flexural dirk wn, for 
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3.3 Modelling The Sensor Responsivity To Acceleration 

The responsivity of the sensor can be found by initially calculating the displacements of points 

in a disk as it flexes under acceleration and converting these displacements into strain in the 

fibre. The mounting conditions considered are illustrated in Fig. 3.2a, b, c and d and are referred 

to as (a) fixed-edge support; (b) simple-edge support; (c) fixed-centre support; and (d) simple- 

centre support, and these form the boundary conditions. The physical realisation of these 

boundary conditions is discussed later. 

a. Fixed edge support c. Fixed centre support 

b. Simple edge support d. Simple centre support 
----------- Neutral surface 

Figure 3.2: a, b, c, d. Mounting configurations for the flexural disks 

The approach used is similar to that described in [3.10,3.11] and extends this analysis for 

different disk supports and multiple fibre coils. Each model initially calculates the angular 
displacement, B(r), of the disk when exposed to a uniform pressure acting on the top surface 

as illustrated in fig. 3.3. for a centre supported disk. This is then used to calculate the strain in a 

coil at a distance, z, from the neutral surface. By integrating the strain over the surface of the 
fibre coil and then adding contributions from each coil, if there is more then one coil present, 

the total strain in the fibre layer is calculated. This is then used to calculate the induced phase 

change in a light beam travelling through the fibre as a function of the applied pressure. The 

acceleration responsivity is then calculated by equating the pressure-induced force to an inertial 

force to derive the acceleration responsivity. We assume here that the centre of mass is centrally 
located in the disc, thus an inertial force will induce pure bending of the disk without distortion. 

This is generally the case for all the disk arrangements; however the presence of a fibre coil on 

only one side of the disk results in the centre of mass being shifted towards the fibre coil, which 
may affect the cross-axis responsivity, discussed later. 
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Figure 3.3: Illustration of the displacements in a flexing disk 

This calculation is now described in detail for the case of a fixed-centre supported disk. The 

variables used in the analysis are shown in table 3.1. 

Table 3.1: Definition of variables used in models 

Symbol Typical value Description 

c axial strain 

a 30 mm disk radius 
b 7.5mm inner radius of fibre coil 
c 28mm outer radius of fibre coil 
E Average Young's modulus of disk material 
v 0.4 Poisson's ratio of disk material 
p 1000kg. m3 Density of disk material 
r radial distance from plate centre 
h half the disk thickness 
z Distance along normal to neutral surface 
L total length of fibre in the sensor 
D fibre diameter 

n 1.46 group refractive index of fibre core 
1310 nm Wavelength of light 

k 2it/X free space wavenumber of light 

S The Poisson ratio, V, incorrectly appeared as a in this table in the Journal paper. This has been corrected here. 

-93- 



3- High responsivity fibre-optic flexural disk accelerometers 

Table 3.1(cont) : Definition of variables used in model 

Symbol Typical value Description 

P� 0.121 Pockels coefficient of fibre 

P12.0.270 Pockels coefficient of fibre 

v_ 0.17 Poisson ratio of fibre 

no. of fibre coils 
g 9.8 ms' Acceleration due to gravity 
P Pressure 
A Acceleration 
FL E(2h)3 Flexural modulus 

12(1-v2) 
Qb iP(a2 _ b2) Boundary condition - unit 

2b shear force 

b ýpa2 C2 (" - b')- ý 
[ Boundary condition- Unit 

C. tab 7] radial bending moment 
C7 (1- v2) a-b C 

Plate constant 
. l 

C8 2 Plate constant 
- 
2[ , +V+(I-v(ä) 

] ( 

C9 v b1 1 v 2 Plate constant 2 4 Inýb)+ 1_(ä) 
ä 

1-17 ( bI](b)211+(1 
+v ) 1n( 

jl] Loading constant 
4 

FS(r) ( (bl'1 Plate function 2 i_ 

F6(r) 

4b 

r(b)2 (ý11 Plate function 

Ill ) -1+21n1-JJ 

G14(r) 
16 

[1_(61" 
, 
'bl2 1 Plate function 

r. r 

The equation for the angular displacement of a fixed-centre supported disk under a uniform 

force/pressure, AP, on its top surface is given by (3.1) [3.12]. 

O(r) = 
M` 

rF, (r) + 
Q" 

r2F6(r) -- r3Gu (r) 
FL FL FL 

(3.1) 

where the flexural modulus, FL, unit shear force, Qb, unit radial bending moment, Mb, and 

the general plate functions and constants C� , F. , G. and L� are given in table 3.1 [3.13]. 
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Referring to the illustration in fig. 3.3, if o(r) is the angle subtended by the tangent, at a radial 

distance r from the disk centre, to the horizontal, then the horizontal displacement of a point at 

a distance z from the neutral surface is given by X (P to P' in fig. 3.3). If the solid line is 

taken as the neutral surface then a point on the disk, at a distance z along the normal to the 

neutral surface, will undergo a displacement in the x direction of z= zO(r) for 0«1, i. e. for 

small displacements. The strain in a fibre loop of radius, r, and distance, z, from the neutral 

surface is then calculated from the change in its circumference and is given by (3.2) 

e(z, r) = 
zO(r) (3.2) 

r 

The length of a spiral of fibre of inner radius, b, outer radius, c and a pitch equal to the fibre 

diameter, D, is given by, j2 d,. This is then used to calculate the total change in length of a 
D 

fibre coil subject to a strain, E, 

Al(z) = Jb e(z, r) 
Zar dr (3.3) 

If there are multiple coils wound into the disk, they are assumed to be in a hexagonal close- 

packed structure as shown in fig. 3.3. and if there are j coils, the total length change, AL, is the 

sum of the length changes in each coil given by (3.4) 

AL=teil h-(i-1) 
2 

Dl (3.4) 

This is obtained by calculating the sum of the change in length of each fibre coil, Al, which is a 
function of the distance from the neutral surface, z. Referring to the inset of fig. 3.3, the 

distance of the i`h coil from the neutral surface is h-(i-1) 
2D" If the fibre coils of total length, 

L, are incorporated into the arm of a Michelson interferometer, then the phase of the return 
light at the input is given by (3.5) 

=2nkL (3.5) 
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The fractional phase change is then given by differentiation of (3.5) to obtain (3.6) and consists 

of two significant contributions from the axial length change of the fibre and the change in 

refractive index due to the stress-optic effect (3.7). A third term that describes the physical 

change in diameter of the waveguide can be shown to be negligible [3.14] 

0 
LýL+ 

) (3.6) 

The second term (the stress-optic effect) in (3.6) can be shown to be 21% of the first term and 

of opposite sign, using (3.7), if the fibre is assumed to be under axial strain only [3.14] and 

values of the Pockets coefficient and Poisson ratio of the fibre are taken from table 3.1. 

An= -23 
(eo-vf)P12 +v, 6Pu) (3.7) 

The normalized responsivity to pressure is then given by (3.8) where the factor of 0.79 accounts 
for responsivity reduction due to the stress-optic effect. 

=(0.79)AAL (3.8) 
OAP 

Using the relationships that pressure is force per unit area, force is the product of mass and 
acceleration and mass is the product of volume and density, the normalized acceleration 
responsivity, 0O/cA, can be calculated from (3.8). This assumes that the mass is uniformly 
distributed throughout the disc and is a reasonable assumption to make if the volume of glass 
in the disc is significantly less than the total volume of the disc. The non-symmetrical 
distribution of mass will also effect the cross-axis responsivity which is discussed in sec. 3.9. A 

pressure responsivity is then converted to an acceleration responsivity using, 

AP = 2hpM (3.9) 

which gives a normalised acceleration responsivity in units of g'1 of, 

A= (9.8) " (0.79) 2 AL (3.10) 
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where p is the disk density and h is half the disk thickness. It is useful to determine the form 

of (3.10) for a simplified case to establish the basic design parameters for the transducer. If the 

fibre is wound from the disk centre, i. e b=0 to the disk edge c=a then evaluating (3.1), (3.3) 

and (3.8) for the strain in a single coil wound on the surface of the disk (z = h) gives6, 

Al _ 
irha4t P (7+3y) 

32D. FL 1+v ) (3.11) 

where v is the Poisson's ratio of the disk. Thus, from (3.10) the acceleration responsivity in 

units of g-1 is given by, 

OOI 3pirnka`(1-y2) (7+3v) 
(3.12) 

ýd_ 
_ (9.8)-(0.79) 

16EhD 1+v J 
centre 

The equivalent expressions can be obtained for the remaining three disk supports. The angular 

displacement in a simple centre supported disk under a uniform force/pressure is [3.15], 

O(r) /ý 
r2 r3 

O(r) =Bb F4 +QbýF6 -EP-G14 

FL FL 

with the boundary condition, _-APa' 
C9(a 2 -b2ý Bb 

FC. tab - 4' 

responsivity given by, 

ýIsire_=(9.8)(0.79)3 

" 
6EhD 

(v-1)(3v+7) 
centre 

(3.13) 

This yields an acceleration 

(3.14) 

For a simple-edge supported disk under uniform pressure, the induced strain in a coil a distance 

z from the neutral surface is given by (3.16], 

6 The term in the brackets in (3.11) and (3.12) appeared incorrectly in the Journal paper. This has been corrected here. 
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E(z) - 
2, &P V_ 3z (2+9v+v')- z33 (2+v-v2) -..... 4 80h 16h 

(3.15) 
2AP 3(1-y)z (3+y)a2 

-(1+y) 
-b4)11 

E 32h3 24 (a2-b2) 

which yields an acceleration responsivity given by, 

Ao 
=-(9.8)(0.79)7hED 

2 [3(1 

16h+v)a2 -5(v2+21v-2) 
(3.16) 

2 
simpie- 
edge 

Finally, for the fixed-edge supported disk under a uniform pressure, the induced strain in a coil 

a distance z from the neutral surface is given by [3.16], 

3APz(1-y2) a2 (2-y) z2 
_ 

h2 3.1 ý(z) Eh3 

[32 

64(a2-b2) 24(1-v) 241-vý 
( 7) 

which yields an acceleration responsivity of, 

AO 
= 

37thpnka2 a2 1 

f-d_ 
-(9.8)(0.79) 2ED 8hß + (3.18) 

AA-I 

( 

edge 

Thus, the acceleration responsivity for a both the central and edge supported disk is 

proportional to: (i) the fourth power of the disk radius, (u) the inverse of the disk thickness, (di) 

the inverse of the Young's modulus and (iv) the disk density. Note that the second term in 

brackets in (3.16) and (3.18) adds only a small correction to the total responsivity, thus points (i) 

and (ü) approximately apply. 

The values predicted by (3.12), (3.14), (3.16) and (3.18) can also be used for validation of the 

model. 

3.4 Calculation of the Sensor Bandwidth 

The dynamic operation of the flexural disk based accelerometer is modelled by assuming that 
its motion is analogous to that of a mass-spring system, shown in fig. 3.4 [3.17]. For a simple 

mass-spring system under harmonic excitation, with a viscous damping coefficient, C, and a 
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fundamental resonance frequency of W� , the frequency response in terms of the ratio of the 

relative displacement between the mass and the case, Z, to that of the forcing displacement, 

Y, is given by, 

x 

zI 
L1 (3.19) 

lYl ý 2l : [1-(w. ý 
+t w. ) 

and the phase between the two is given by [3.18], 

2C (3.20) 
tanw" 

1- 
( w") 

It can be shown using (3.19) that when w «w. , the axial acceleration of the mass will be 

proportional to the forcing displacement and when co» w., the displacement of the mass will 

be proportional to the forcing displacement. In the case of the flexural disk sensor, motion due 

to the inertia force of interest is transferred to the disk either through the edge or centre of the 
disk causing the disk to flex. 

Equations (3.19) and (3.20) are plotted in fig. 3.5 as a function of normalised frequency, w/w,,, 

with various damping coefficients. For a sensor that exhibits this type of response, the 
bandwidth is limited, to a first approximation, by the resonance frequency. 
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Figure 3.5: Marc-spring rystem frequency response. 

180 

150 

120 

90 4 

60 

30 

0 
5 

It is desirable for the sensor to exhibit a linear phase response with frequency such that 

transient signals can be detected without significant distortion [3.191. Referring to fig. 3.5, this is 

shown by the dashed line plots to occur when the viscous damping coefficient, c, is set to zero 

or 0.7, corresponding to critical damping. When ý=0, the phase is zero for W << co,. and it 

when w»U. ) and when C=0.7, the phase is proportional to co for w« Cvý . 

An approximate value for the fundamental resonance frequency of the disk sensor is given by 

(3.21) where A2 is the resonance frequency parameter [3.20] and is tabulated in table 3.2 for the 

four disk boundary conditions under consideration. 

w_ 
A2 (2. h) E (3.21) 

" a2 12(1-v2)P 
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Table 3.2: Resonance frequency parameter 

Boundary condition A2 
Fixed edge support 10.216 
Fixed centre support 5.76 
Simply edge support 4.964 
Simply centre support 3.24 

It should be noted that the derivation of (3.21) neglects rotary inertia and shear forces [3.23] 

whose effect become more significant as the disk thickness increases in relation to the drive 

frequency [3.24]. For this reason (3.21) will predict a higher resonant frequency than that 

observed for the thick disks. 

3.5 Treatment of the Composite Disk Structure 

Calculation of the disk strains is complicated by the presence of the fibre coil, which makes the 
disk effectively composed of a composite material. The presence of this coil has the following 

effects: (i) changing the mechanical properties of the disk, i. e. Young's modulus, Poisson ratio 

and density; (u) changing the position of the neutral surface if fibre is present on only one side 

of the disk; and (iii) affecting the assumption of the pressure-acceleration equivalence as 
described in sec. 3.3. In the models described here, the first issue is resolved by calculating a 

volume average of the mechanical properties using the rule of mixtures [3.21]. This has been 

carried out for the Young's modulus of the disk and adds a correction that becomes more 

significant as the length of fibre in the coil increases. For example, a disk of diameter 60 mm, 
thickness 5 mm and consisting of a single coil with 70m of optical fibre has a volume averaged 
Young's modulus of 1.6 times that of the encapsulant. This increases to 2.4 times that of the 

encapsulant with a 2mm thick disk and the same length of fibre. The rule of mixtures generally 

applies to uniform mixtures and in our case is a rather crude approximation since the stiffness 

of the fibre coil along the axis of the fibre is significantly higher than the stiffness normal (or 

transverse) to the fibre. Also, the fibre layer is not distributed evenly throughout the disk and is 

situated near one surface. However, the justification for its use here is to reduce the complexity 

of the proposed model. We have also neglected the effect of the fibre coil on the Poisson ratio 

and density of the disk in calculating the disk responsivities. This will not introduce significant 

error into the result, since we have already shown in (3.12), (3.14), (3.16) and (3.18) that the 
dependence of the responsivity on the Poisson ratio is weak. Also, the density of silica is -2.3 
times that of epoxy, thus the effect on the disk density due to the fibre coil is small. The second 
issue is taken into account by calculating the position of the neutral surface. As the thickness of 
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the fibre layer increases, the position of the neutral surface will move towards it. Without 

including this effect, the model described above will overestimate the responsivity of the disk 

since the coil strain is proportional to the distance from the neutral surface given by (3.2). The 

disk can be considered to be a two layer composite, where the top layer exhibits the properties 

of the fibre/epoxy composite calculated using the rule of mixtures and the bottom layer is 

epoxy. By using the technique of equivalent sections described in [3.22], the position of the 

neutral surface is found by locating the centre of area, i. e. centroid, of the equivalent section. 
This is then added as a correction to the distance of the fibre coil from the neutral surface in 

(3.4). For example, if the dimensions of the two layers are as shown in fig. 3.6a where the top 

and bottom layers have a Young's modulus of E, and E2 respectively and E, » E2, the 

equivalent section can be drawn assuming it to made from a material of Young's modulus of 
Ez as shown in fig. 3.6c. 

ýýE1 

E2 

L 
a. Disk dimensions b. Stress distribution 

in a. 
2a. E1/E2 H 

c. Equivalent section d. Stress distribution 
inc. 

Figure 3.6: Equivalent section of composite dirk. 
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The actual stress distribution obtained within the disk under bending is shown in fig. 3.6b and 

the neutral surface can be located as the point of zero stress. The stress distribution within the 

equivalent section is also shown in fig. 3.6d and although this does not represent the actual 

stress distribution in the disk, it can be used to locate the neutral surface. The centroid, 7, is 

then found by equating the product of the total area of the equivalent section and the distance 

to its centroid to the sum of the product of the areas of each layer of the disk and the distance 

to their centroid (3.22), where these distances are taken from a common reference point, i. e. the 

top of the disk, 

+2a(2h-f)(2h2f) 
(3.22) 

(2a(2h-f)+E 2afý=(E22af 
)2 

J 

The distance to the neutral surface is therefore, 

_ 
E, f2+E2(2h-f)2 (3.23) 
2E2(2h-f)+2E, f 

3.6 Determination of Important Design Parameters of the Sensor 

It is useful to make some preliminary observations on the responsivity and bandwidth that can 

be achieved with disks under different boundary conditions using the above analysis. A direct 

comparison will now be made between a fixed centre, a fixed edge and a simple edge supported 

disk configuration using the analysis given in section 3.3, by determining the highest 

responsivity obtainable from a disk under each boundary condition for a given resonant 

frequency. The equations for the strains in fixed edge and simple edge support can be found in 

[3.25]. 

In these calculations, the diameter of the disk and fibre length used are fixed and the disk 

thickness is varied such that the resonance frequency of each disk configuration is roughly 

equal. Table 3.3 shows this, together with the predicted responsivity of disks in each 

configuration. The simple edge support exhibits the highest responsivity followed by the fixed 

centre support. The responsivity of the disk in the fixed edge support is significantly lower than 

the other two since a significant proportion of the fibre is in the region of minimum strain in 

the disk, i. e. around the edge. In the simple edge and fixed centre supported disks, the majority 

of the fibre is in the region of highest strain. Highest responsivity is therefore obtained when 
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most of the fibre is in the region of largest displacement. Other combinations of the parameters 

used in table 3.3 arrive at the same conclusions as these. 

Table 3.3: Comparison between edge and centre supported disks' 

Configuration 
Parameter Fixed-edge Simple-edge Fixed centre 

support support support 
Disk Thickness, mm 3.0 7.6 6.0 
f,, 

� kHz 3.8 3.8 3.8 
Responsivity, dB re 1 rad. g' 27.4 37.8 35.9 

' Here E, 6.. =72 GPa, Fp.. y=3 GPa, D=135 µm, a=30cnm, b=7.5mm, c=29mm, n=3, 
fibre length = 54.8m and other parameters are taken from Table 3.1. 

3.7 Sensor Construction 

The sensors were constructed by winding a thin coil of optical fibre between two closely-spaced 

plates and encapsulating the fibre layer in a disk of epoxy resin, type Ciba-Geigy HY1300 and 

CY 1301. The performance of the sensors is critically dependent on the boundary conditions 

and it is therefore important to ensure that the disk casing provides the required boundary 

conditions. For the prototype sensors, the edge-supported disks were bonded inside an 

aluminium can with adhesive. These were intended to be a fixed-edge support; however, the 

actual boundary condition was found to he somewhere between fixed-edge and simple-support. 
Centrally-supported disks were constructed by encapsulating an aluminium support rod into the 

epoxy disk. Six sensors were constructed in total with different fibre lengths and disk thickness. 
Of the six sensors, four were edge-supported and two were centre-supported. 

3.8 Acceleration Responsivity Calibration 

The sensors were calibrated for acceleration using a vibration table, Brüel & Kjer 4809, and a 

reference B&K accelerometer model 8305 which exhibits a flat frequency response up to 
25kHz. Each optical accelerometer was interrogated using a system configured in a pulsed 

reflectometric architecture [3.26] with heterodyne detection. The principle of operation of this 

system is shown in fig. 3.7. 
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Figure 3.7. " TDM interfemmetric interrogation ystem. 

A directional coupler was spliced onto one lead of the sensor coil and mirrors were spliced 

onto the unused output port of the coupler and the other sensor lead, thus forming a 

Michelson interferometer. The sensor was then interrogated with two optical pulses, generated 

by an acousto-optic modulator (AOM) which also applies a frequency difference of 10 MHz 

(Of = f, - f2 =10MHz) between them. The optical pulse is generated by driving each AOM 

by an RF pulse. The separation in time of the two pulses was set to twice the transit time in the 

interferometer which is achieved by choosing the fibre length in the delay coil within the path 

balance unit to be equal to twice the fibre length in the interferometer. The return optical signal 
from the sensor contains an overlap of the two pulses of different frequencies where one has 

reflected from the first mirror forming the reference and the other has travelled through the 

sensor. When detected, the overlapping pulses generate a heterodyne carrier signal that is phase 

modulated when a strain is applied to the sensor fibre. The heterodyne pulse is separated from 

the rest of the signal with a gate switch, the output of which is band pass filtered (BP) and 

phase demodulated. 

In fig. 3.7, the optical pulses are shown to be generated by a single AOM; however, in this 

configuration the interferometer exhibits an effective path imbalance of twice the sensor fibre 

length. This may cause the phase resolution to be severely degraded by laser frequency noise 
(discussed later) but can be overcome with a path balanced implementation as shown in the 
inset in fig. 3.7. This generates the two pulses from the same time segment of light and can 

easily reduce the path imbalance to less than 1 m. 

-105- 



3- High responxivity fibre-optic flexural disk accelerometers 

The set-up used to calibrate the sensors is shown in fig. 3.8. The optical sensor was placed next 

to the reference accelerometer on the vibration table. To overcome polarisation fading in the 

interferometer, Faraday Rotation Mirrors (FRM) were used in place of the standard mirrors. 
This maintains a stable heterodyne carrier despite changes in the birefringence of the sensor 
fibre [3.27]. The laser source used was a diode pumped Nd: YAG Lightwave 120 laser. 

Optical Reference 

HflLJ 
FRM 

Shaker 
I table 

Figure 3.8: Experimental set-up 

A frequency response was measured by applying a frequency sweep to the vibration table using 

a frequency analyser linked to a PC, to compare the demodulated output of the optical sensor 
to that of the reference accelerometer. In our measurements the frequency was swept from 100 

Hz up to 5 kHz, limited at lower frequency by the phase demodulator low frequency cut-off 

and at the upper frequency by a resonance of the vibration table. The upper frequency exceeds 

the requirement for the bandwidth design aim (3 kHz). The sensors were placed close together 

such that they experience the same vibration field. 

3.9 Results and Discussion 

The calibrated acceleration responsivity of the six sensors is plotted in fig. 3.9 and 3.10, 

corresponding to edge and centre supported disks respectively as a function of frequency; the 
measured responsivities are tabulated in table 3.4 along with the predicted responsivities and 
resonant frequencies. The responsivity is expressed in units of optical phase-shift per unit 
acceleration and in the decibel unit referenced to 1 rad. g''. 
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Figure 3.9: The responsivity of edge-supported flexural disk sensors for the disk thckne , 
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Table 3.4: Measured and calculated responsivitier of optical accelerometers* 

Predicted Predicted f, 
r, 

Recponsivity HZ 
dB re 1 radg' 

Disk Support Measured Simple Fixed Measured Simple Fixed Fibre 

thickness/ responrivity j,, length 

mm /m 
3.5 Edge 39 38.8 26.9 2400 2250 4630 75' 
4.6 Edge 32 32.4 24.5 3020 2400 4900 25+ 
7 Edge 37 38.6 26.9 3780 3930 8100 75' 

12.7 Edge 28 28.6 20.1 4380 6200 12750 25+ 

10.2 Centre 37 44.7 35.4 >5000 3530 5880 70' 
11.4 Centre 34 44.3 35.1 >5000 3900 6800 72' 

Here Es7,,, =72 GPa, Ecp_xy=3 GPa, D'=135 µm, D'=165 µm and other parameters are 
taken from table 3.1. 

The measured resonant frequency of the disks provides a good indication of the exact 

boundary condition imposed in practice. Referring to table 3.4, the measured resonant 

frequencies of the edge-supported disk are close to that predicted for a simply-supported disk, 

and the measured responsivity and that predicted for the simply supported disk confirm this. 

The disparity between the predicted and measured resonant frequency for the thickest edge- 

supported disk (12.7mm) is thought to be due to the reasons discussed in section 3.4. Hence, 

the resonant frequency (or bandwidth) cannot be increased without limit by increasing the disk 

thickness. We can see from the measured values of responsivity for the edge-supported disk the 

dependence of the responsivity on both the disk thickness and the fibre length. This illustrates 

the fact that the total phase change is proportional to the fibre length, but the fibre length also 

determines the maximum displacement of the disk (due to the increase in stiffness of the disk) 

for a given inertial force. Thus, increasing the fibre length will not necessarily lead to a 

proportional increase in the responsivity. 

The resonant frequencies of the centre-supported disks cannot be observed directly due to the 

limited bandwidth of the measurement; however the measured responsivities are consistent 

with theoretical expectations for a fixed centre-support. The performance obtained from the 

centre-supported disk demonstrates that a higher overall combination of responsivity and 
bandwidth can be obtained with this type of disk than that from the edge supported disk. 
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The responsivity to other directions of acceleration (referred to as the cross-sensitivity) has 

been measured for the edge-supported disk by rotating the sensor by 90° such that the 

acceleration acts in a direction parallel to the disk. The calibration described above was then 

carried out and the result is shown in fig. 3.11. 
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Figure 3.7 7: Edge Supported Disk Responsivit, y and Cross-Responsivit, y 

The cross-responsivity was found to be typically 8 dB lower than the on-axis responsivity 

except for the presence of additional apparent resonances at 100 Hz and 1.3 kHz. The exact 

cause of the 1.3kHz resonance is unknown but the 100Hz resonance is thought to be due to 

the sensitivity of the connecting leads to the sensor and not a mechanical resonance of the 

sensor itself. Ideally, the sensor should exhibit zero cross-sensitivity; however, in-practice 

sensitivity to the measurand along this axis may arise for the following reasons; (i) the fibre coil 

may respond to the acoustic signal produced by the vibration table since there is no acoustic 

isolation; (u) unwanted resonance of the case may enhance displacements of the disk; (ii) for a 

sensor with a single coil, the non-uniform distribution of the mass causes the centre of mass to 

be shifted towards the coil in the disk. An acceleration force acting parallel to the disk surface 

will, thus, induce rotational moments, causing the disk to bend; and (iv) deformation of the coil 

in the plane parallel to the surface of the disk may occur due to the anisotropic nature of the 

disk stiffness in the fibre layer. Cross-axis sensitivity caused by (), (u) and (iii) can be reduced by 
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appropriate design of the case and by incorporating a second coil on the opposite side of the 

disk, thus ensuring that the centre of mass is located in the central plane of the disk [2.28]. The 

effect described in (iv) is thought to impose a fundamental limit on the achievable cross-axis 

sensitivity and needs to be investigated further. A finite element analysis may provide a better 

insight into this effect. 

3.10 Sources Of Noise In The Optical Sensor and Dynamic Range. 

The primary focus of this work has centred on maximising the acceleration responsivity of the 

sensor, in order to achieve the highest acceleration resolution. The resolution is set by the 

sensor self-noise and in the case of optical fibre sensor systems, the dominant noise sources 

usually arise from the optical system architecture and components. The fundamental source of 

noise arises from the shot noise generated on detection of the signal which generates a shot 

current given by, 

isha = 2eRPOf (3.24) 

where e is the electron charge, R is the photodiode responsivity, Of is the measurement 

bandwdith and F is the average optical power. The received optical power is set high enough 

such that the shot current dominates over the thermal noise generated in the detector pre- 

amplifier. However, in practice it is difficult to achieve the shot noise level due to other sources 

of noise such as RF oscillator noise (from the acousto-optic modulator drivers) or laser 

frequency noise, which is converted into phase noise by the interferometer. The latter noise 

source tends to dominate, particularly in multiplexed systems when a significant path imbalance 

is present in the interferometer. The diode pumped Nd: YAG laser, used in the calibrations 

exhibits a laser frequency-induced phase noise of less than 2 µrad. Hz"2 for frequencies above 

100 Hz and an interferometer path imbalance of 1m. [3.29]; however, similar performance can 

be obtained from a significantly lower cost source based on a single longitudinal mode fibre 

DFB laser. These have been shown to exhibit a phase noise of less than 4 µrad. Hi'/2 for 

frequencies above 100 Hz and a 1m fibre path imbalance [3.30] and are investigated further in 

chapters 7 and 8. 

In past systems, demodulation of the sensor signal has been carried out with analogue Fri 

demodulators, based on frequency discriminators, that typically achieve a phase resolution of 
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less than 10 grad. Hz"1"2 and a dynamic range limited by the maximum frequency deviation over 

which the frequency discriminator can respond linearly (typically around 90 dB) [3.31]. 

However more recently, digital signal processing techniques have been applied to the 

demodulation process based on sampling of the modulated carrier signal, followed by applying 

a signal processing algorithm to extract the modulating signal phase. The dynamic range then 

becomes limited, ultimately, by the sampling rate. A single sensor based system has been 

developed for DERA by Sensor Dynamics' that achieved a phase resolution of 6 trad. Hz'1Z 

and a dynamic range of greater than 120 dB, where we define the dynamic range as the ratio of 

the maximum recoverable narrowband signal with less than 1% total harmonic distortion to the 

noise floor normalised to a1 Hz bandwidth [3.30]. DERA has also recently demonstrated a 

digital demodulator with the potential to demodulate simultaneously up to thirty channels with 

comparable performance to that of a single channel digital demodulator [3.32]. Similar 

performance using digital demodulation techniques has been demonstrated by other groups 

[3.33]. The incorporation of digital techniques provides enhancements in both the electronic 

phase resolution and dynamic range achievable from such sensors. In chapter 5, we present a 

detailed noise analysis of a multiplexed interferometric sensor array and indicate how phase 

resolutions approaching 10-20 µrad. Hz"1/2 can be achieved. 

3.11 Conclusion 

In conclusion, six optical fibre accelerometers based on a flexural disk design have been 

demonstrated that exhibit responsivities in the range of 28 to 39 dB re I rad. S' with resonant 
frequencies between 2.4 kHz to greater than 5 kHz respectively. Simple analytical models have 

been written to calculate the responsivity and resonant frequency of each disk under various 
boundary conditions and the results of the model have been shown to be in good agreement 

with the measured responsivity for moderately thick disks. It has also been shown that the 

centrally supported disk sensor achieves a higher combination of responsivity and bandwidth 

than the equivalent edge supported disk. For a centrally supported disk with a flat frequency 

response up to 2 kHz and a responsivity of 37 dB re 1 rad. g'', an interferometric phase 

resolution of 10grad. Hz''2 at 1 kHz would give a minimum detectable acceleration of 
141ng. Hz'12. This could, in principle, be reduced by up to a factor of two by attaching a second 

coil to the opposite side of the disk and operating them in a push-pull configuration. Taking the 

SensorDynamics Ltd, 3 Abbas Business Centre, Itchen Abbas, Winchester, Hampshire, S021 I BQ UK 
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dynamic range as 120dB, the maximum narrowband signal recoverable would be about 

0.14g. Hz"1/2 dependent on frequency. The cross-responsivity of the edge-supported disk has 

also been measured to be at least 8 dB lower than the on-axis responsivity and methods of 
improving this have been discussed in the text. 

Thus, we have demonstrated a sensor that meets the requirements of size and bandwidth. We 

believe that by adding a second coil to the opposite side of the disk and operating them in a 

push-pull configuration as a Michelson interferometer will also reduce the cross-axis 

responsivity further due to both the common-mode rejection this configuration provides and 

the improvement in symmetry for the reasons described above. 
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Chapter 4 

IN-FIBRE BRAGG GRATING PRESSURE SENSORSt 

Abstract: In this chapter we investigate the enhancement obtained in the responsivity to 

pressure and temperature of an in-fibre Bragg grating (IFBG) when the fibre is coated with an 

elastic material. We demonstrate both theoretically and experimentally that amplification of the 

static pressure responsivity by a factor of 18.8±21% is possible with a compliant polyeurethane 

coating, approximately 40 times the diameter of the fibre. We also show theoretically that the 

responsivity to temperature is likely to be enhanced by a factor of between 10 and 20. Finally, a 

discussion is given on the various practical aspects of a coated pressure/temperature sensor 

such as sensor response time, linearity and long-term stability. We discuss how these techniques 

may also be applied to an in-fibre laser sensor configured as an acoustic sensor. 

4.1 Introduction 

Early work on interferometric fibre-optic sensors was aimed at developing acoustic 

sensors for hydrophone applications, and investigated the use of compliant coatings on 
fibres incorporated into the arm of a fibre interferometer to enhance the responsivity of the 

fibre to pressure. Typically an amplification factor of -30 was obtained referenced to a bare 

fibre [4.1-3,4.5] using a compliant coating a few millimetres thick. Taking the bare fibre 

responsivity from section 2.6, the acoustic responsivity of a Im coated fibre is -5x10-4 rad. Pa' 

(assuming A =1550 nm and taking the data from table 4.1). Assuming an interferometric phase 

resolution of 10 µrad. Hz""2, the pressure resolution would be 20 mPa. Hz''2, which is generally 

inadequate from most sonar applications (c. f. chap. 1). The need for higher resolution and a 

sensor head smaller than the acoustic wavelength led to the development of the air-backed 

mandrel hydrophone, which can provide amplification factors of -100. Taking the responsivity 

t'This chapter contains a transcript of the paper D J. Hil1 and G. A. Cranch, 1999 "Gain in 
hydrostatic pressure sensitivity of coated fibre Bragg grating" published in Electronics Letters 
35 (15) 1268-1269 and re-edited to include details of the modeling and experimental set-up. 
© Crown copyright 1999. Published with the permission of the Defence Evaluation and Research Agency on 
behalf of the Controller of HMSO. 
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of the mandrel hydrophone as 0.5 rad. Pa-1 (typical for 100m of fibre), this would achieve a 

pressure resolution of 20 µPa. Hz-'/2 which is adequate for most sonar applications. 

Further reduction in the size of the transducer without compromising sensor performance 

(such as resolution) is desirable for many sonar arrays. In particular the size and weight of a 

towed array can be reduced with smaller transducers. The in-fibre Bragg grating (IFBG) sensor 

may allow the transducer size to be reduced significantly. In an interferometric sensor, the 

reflective properties of the grating can be used as a replacement for the directional coupler to 

define the sensor region of a fibre, in a reflectometric architecture [4.6]. Alternatively, the IFBG 

can be used as a sensor due to the dependence of the Bragg resonance on temperature, 

pressure and strain. The IFBG is typically a few centimetres in length, which leads to the 

possibility of near point sensing of pressure and temperature [4.4]. Since the measurand is 

encoded on the wavelength (which is an absolute parameter), this may allow for accurate dc 

tracking of measurands; however stable (i. e. low drift) wavelength measurement 

instrumentation must be used to achieve high accuracy. We discussed the typical performance 

of the IFBG based acoustic sensor in section 2.14, when a decoding interferometer is used and 

this revealed that the resolution is limited to -150 Pascals. We also showed in section 2.14, that 

a bare in-fibre laser (IFL) could be used as an acoustic sensor; however, further mechanical 

amplification is required to increase the pressure resolution to meet sonar requirements. The 

compliant coating provides a simple method of amplifying the responsivity of the IFBG and 
IFL sensors and is therefore worthy of investigation. Also, use of a low drift wavelength 

tracking interrogation scheme may also permit high-resolution measurement of temperature. 

We first review, in section 4.2, the theory used to determine the amplification in quasi-static 

pressure sensitivity of a coated optical fibre and apply this to the IFBG. We then extend this 

model to include the effects of thermal expansion of the layers and determine the responsivity 
to temperature of the coated IFBG in section 4.3. Published experimental data is used to 

validate this model. We then describe the experimental arrangement used to calibrate the coated 
fibres for responsivity to pressure, in section 4.4; and finally in section 4.5 we present the results 
for two different coating materials. 
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4.2 Modelling of the Quasi-Static Pressure Sensitivity Enhancement in Coated Fibre 

Bragg Gratings 

A coated fibre can be approximated as being a composite cylindrical structure comprising a 
homogenous glass core with one or more homogenous elastic coatings. It is thus required to 

determine the strains induced in the glass core when the composite structure is acted on by an 

external pressure, AP.. This is shown in fig. 4.1 for a fibre with a single coating. The strains are 

then substituted into the responsivity equation for the IFBG. 

rw_ -rz 
r APO 

Figure 4.1: Cross-section of fibre with a single coating 
To determine the strains in this composite structure we use the plain strain model described in 

[4.3] which is based on a linear elastic model and is valid in our case since the induced strains 

are small (typically a few 100 µe). It is also assumed that the mechanical properties of the fibre 

and coating are isotropic and that each layer is homogenous. The fibre is actually made up of a 
separate core and a cladding material, such that the core has a slightly higher refractive index 

than the cladding. The presence of index raising impurities in the core, such as Germanium, will 
modify the mechanical properties slightly; however, for this analysis we assume that the core 

and cladding have the same mechanical properties. This assumption is considered to be valid 
since the mismatch in the mechanical properties of these two layers is small compared with the 

mismatch in mechanical properties of the coating materials and the fibre. The plain strain 
model is two dimensional and assumes circular symmetry about the fibre axis. It also assumes 
that the end effects are negligible; that is, the end effects do not affect the strain distribution a 
long way from the end. Saint Vernant's principle states that the strain distribution will not be 

modified at distances greater than the maximum linear dimension of the end. This is valid in 

our case since the length of the coated IFBG is much larger that its diameter. The plain strain 
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model has been shown to produce results that are within 1% of an exact 3D model, which 
included end effects [4.5]. 

The general stress components for an elastic multi-layered cylinder, in cylindrical coordinates, 

are given by, 

Q, ý = 
a' +A(1+21ogr)+2y; (4.1) 
r 

moo; =-a' +/3; (3+21ogr)+2y; (4.2) 
r 

ad=8, (4.3) 

where i is the layer number and a,. , 
ß; 

, y, and S, are constants for each layer to be 

determined. The associated strain components in terms of the Young's modulus, E, and 
Poisson's ratio, V, are then given by Hooke's law, 

en =E (a - v1(o + aj) (4.4) 
i 

e0 =E (a0 
-yr(o +a"')) (4.5) 

ezi=E (air 
-v, (a,, +o )) (4.6) Ei 

The radial displacement is also given by, 

sºý =f e�dr ' (4,7) 

It can be shown that 6 =0 to ensure single valued results and we set C =0 to avoid the 
singularity at r =0. 
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First consider an uncoated cylinder, in which case er, = Qe = 2y and QZ = S. We now define 

two different boundary conditions for the ends of the fibre: 

(i) Hydrostatic boundary conditions or HBC (sometimes referred to as the fibre being 

axially free) where the applied pressure is isotropic. Therefore, Qr1 
ýý = -AP. and 

hence a, = ae = -AP, . Balancing the force on the end of the cylinder yields, 

QZ = -M, . Thus using (4.4), (4.5) and (4.6), the strain components are 

ý, =e0=EL=-ý°(1-2v) 

(u) Radial boundary conditions or RBC (sometimes referred to as the fibre being axially 

constrained) where QL =0 (i. e. zero end pressure) yields Cr = C9 =-- (1- v) and 

2viPo 
EZ= E 

For a multi-layer cylinder, the unknown constants are determined using the following boundary 

conditions: 

1. The radial stress at the outermost boundary is equal to the pressure, a,,,, Iýý _ -AP. 

2. Continuity of radial stress at each boundary, 01, (j. 1)Irr where i=1,2....., (m -1) 

3. Continuity of radial displacement at each boundary, s,, 
I, 

r 
= Sr(t+l)I, 

7 
where 

i =1,2., (m-1) 

4. The axial strain in each layer must be equal 

m 

5. Balancing of forces on the ends of the fibre such that 4Qi = -OP. for HBC and 
js] 

AQ =0 for RBC where A is the cross sectional area of the layer. 
t=ý 
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For the case of a fibre with a single coating, as shown in fig. 4.1, the boundary conditions 

reduce to, 

1. Qr2l 
r--r2 

- -Apo 

2. Qr1I 
r=j 

- ar21 
, =r, 

3. Sr1Ir-q = Sr2)r=r 

4. ELi = 6Zz 

5. gr2Qz1+ ýr2-r2)Qz2=-7r2OP0 

Combining (4.1), (4.2), (4.3), (4.4), (4.5), (4.6) and (4.7) with the above boundary conditions, a 

system of five linear equations are derived which are solved to determine the five unknowns yt 

Sl 
, a2 , y2 and SZ and hence the strains in the fibre layers. These are then substituted into the 

normalised responsivity equation (2.111) for an IFBG derived in section 2.14, 

=ez 2z 
[(PII+P12) er+P12ez] (4.8) 

AB 

where p1 and p12 are the Pockel's coefficients of the fibre core and n is the effective 

refractive index of the fibre core. A. is the Bragg wavelength of the IFBG, given by 2nA 

where A is the grating pitch. Thus, for an uncoated fibre, the normalised responsivity of an 

IFBG under hydrostatic boundary conditions is', 

. 
APa(2y-1 

[1---(P11+2P12) 
i 

(4.9) 
E 

The precise values of the Pockel's coefficients for a photosensitised fibre are difficult to 

determine; however they are likely to be very similar to those of a standard fibre. Thus, using 

8 This is equivalent to (2.27). 
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the material parameters for a standard fibre, given in table 4.1, which were taken from [4.5] and 

substituting them into (4.9) yields A, /(AP AB) =-2.8x10-12 Pa-1. The corresponding value 

assuming radial boundary conditions is &, /(AP0A8) =8.1X 1012 Pa 1. Shown in fig. 4.2 is the 

amplification achieved (assuming HBC), relative to that of a bare grating, as a function of the 

ratio of the diameter of the coating to the fibre for two coating materials, () Scotch Cast 815 

Resin and (ü) APT-Flex F17 polyurethane. The values of the Young's modulus and Poisson 

ratio of the coating materials were estimated using previously published data [4.7] and from 

discussions with the suppliers and are also given in table 4.1. 
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Figure 4.2: Ampli rcatron of the respon. rivity to static pressure change of an IFBG for tvo coating materials, 
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Table 4.1: Materialparameters 

Material Parameter Value Unit 

Fibre n 1.456 
r 62.5 µm 

p� 0.121 

p12 0.27 
E 72 GPa 
V 0.17 
a 10.2x 10"7 K4 

0.68x10"s K1 
naTo 

Scotch Cast 815 E 0.05 GPa 
v 0.45 

APT Flex F17 E 1 GPa 
v 0.45 

Thus, between 33 dB and 55 dB' of amplification may be obtained by applying a single coating 

of these materials. It is also useful to observe the trend in the amplification obtained as a 

function of both Young's modulus and Poisson ratio. This is shown in fig. 4.3 for the case of 

HBC. The largest amplification can be achieved by using materials with a low Young's modulus 

and low Poisson ratio or equivalently materials with a low bulk modulus, (typically K <-3GPa) 

where K=E (3(1- 2v))-'. Conversely, materials with V=0.5, such as rubber, yield a low 

amplification since they are incompressible and hence generate low axial strain in the fibre. This 

is equivalent to saying that the material has a high K. For materials with V <0.5; as the coating 

thickness increases, the amplification achieved will reach the "thick coating" limit beyond 

which the responsivity is no longer a function of the coating thickness and is only dependent 

on K. The coating thickness for which this limit is reached increases as the Young's modulus 

of the coating decreases. 

9 To convert a linear pressure amplification factor to its equivalent dB unit, one must take 20logio of the amplification factor. 

This ensures consistency with the definition of acoustic responsivity in dB re **. Pa-1, which is also calculated using 20logio. 
The origin of this lies in the definition of sound pressure level discussed in section 2.4. Acoustic intensity ((% pressure2, see 
(2.9)) is therefore calculated using 10logio. In general, when referring to a pressure sensor it is usually more familiar to use 
linear units; however, in the case of acoustic sensors, quantifying responsivity and amplification in dB's is more widely used. 
Since our main focus is on the acoustic application we shall use the decibel unit for expressing pressure rcsponsivity and the 
linear unit for temperature responsivity. 
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Thus, a material with a low bulk modulus will provide a high aniplificaticn; hw, %, cver, a material 

with a very low Young's modulus will require a very thick coating to achieve the "thick coating" 

limit. 
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V g/ire 4.3: Amplification as a function of ý'omtg's modulus and Poisson ratio 0J the coating material 

4.3 Modelling of the Quasi-Static Temperature Sensitivity Enhancement of Coated 

Fibre Bragg Gratings 

Applying a compliant coating to the I1, 'BG will also affect its respunsivvitvv, tu tempcraturc due toi 

the large mismatch in thermal expansion coefficient between the tibre and the coating. It is 

possible to modify the model presented above toi include the effects uuf the thermal expansiOn 

of each laver. This approach was first presented in 14.81 where it was used t(ý predict the change 

in respumsivity to temperature of coated fibres. Firstly, we assume that the coating is tauch 

longer than the grating (we shall return to this assumption later when we consider the case 
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where the coating length is comparable to the IFBG length). By assuming the fibre is in thermal 

equilibrium with the coatings, then for a change in temperature of AT, the thermal expansion 

of the layers are included in the equations for the strains by substituting C,; with e, j-a; 
OT 

, 

e0; with e01- a; OT and e with e- cr AT in (4.4), (4.5) and (4.6) respectively. To 

determine the constants of each layer aj, 8j, y, and (5, , the boundary conditions stated above 

are used except that condition 1 is modified to be Qr,,, I Ir=r =0 and condition 5 is modified to 

be Aaa =0 Ci. e. zero external pressure change). The strains are then substituted into the 

r=i 

modified responsivity equation [4.8], 

2 

ý, AT n äT 
+OT '6z 2 

C(Pii+Pu)e. +Pizý: 1 (4.10) 
BP 

where the first term is the change in the index of refraction of the fibre with temperature for 

constant density, p (see section 2.6). For a bare fibre, the responsivity is determined by the 

factor 1na an n 
which yields AA /(AAT) x0.69 x 10-5 K' (or 10.7 pm. K' at 1550 nm). This is in 

P 

close agreement with published data on the temperature sensitivity of commercially available 

IFBG's [4.9]. 

For the case of the coated IFBG, we assume that the mechanical properties and thermal 

expansion coefficient of the core and cladding are equal. This is valid since the actual mismatch 

in thermal expansion coefficient of the core and cladding is very small compared with the 

mismatch between the fibre and coating. The increase in the responsivity to temperature for a 

fibre with a single coating is shown in fig. 4.4, plotted as a function of the ratio of the diameter 

of the coating to the fibre, for three values of E of the coating. Plotted in fig. 4.5 is the 

increase in responsivity as a function of the thermal expansion coefficient of the coating. 

-124- 



4- In -fibre Braggg, rating prrssure sensors 

0 4- 10 

0 
4- cz U 
4= 

Q 

E 

1 

----- 
---- -- -- -- ------------------------ 

-------- 

i / 
i / 

" / 
i / 
i / 
i / 
i/ 

' I/ 

0 20 40 
r Ir 

60 80 100 
21 

---- E=3GPa 
E=0.3GPa 

-- E=0.06GPa 

Figure 4.4: Increase in the responsivity to temperature of a coated IFBG as a function of the coating thickness 
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Figure 4.5: Increase in the re ponsivity to temperature of a coated IFBG as a function of the a of the coating 
(assumes thick coating limit) 

In general, the amplification in responsivity increases as the coating thickness increases and as 

the mismatch in thermal expansion coefficient between the coating and the fibre increases. 

However, as the coating thickness increases, a "thick coating' limit is reached, analogous to the 
"thick coating" limit observed in the pressure amplification plots presented in sec. 4.2. The 
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coating thickness at which this limit is reached increases as the Young's modulus of the coating 
decreases, as shown in fig. 4.4. In a temperature sensor, it is desirable to minimise the coating 

thickness, in order to minimise the response time of the sensor. Thus, it follows from the 

discussion given above that a coating with a high thermal expansion coefficient and high 

Young's modulus is required to maximise the temperature responsivity whilst minimising the 

coating thickness and hence the response time of the sensor. 

We return now to the assumption stated earlier that the coating length is much greater than the 

grating length and consider what happens to the temperature responsivity when the coating 

length approaches the length of the grating. This has been investigated recently where the 

temperature responsivity of an IFBG with a thick rubber coating was characterised for 

increasing coating length [4.10]. In this work, a shear-lag analysis was used to determine the 

strain transfer ratio between the coating and the fibre as a function of the axial position and the 

length of the coating. For the case where the coating is very long compared with the IFBG 

length, it is shown that the strain transfer is independent of axial position and is close to unity, 
however, as the coating length decreases, the strain transfer also decreases by an amount 
dependent on the coating thickness and stiffness. This paper also provides us with data that can 

validate the model presented above. A coated IFBG of thickness r2= 100 r and length 140 mm 

exhibited a value of AA /AT =0.139 nm. K 1 at 1550nm. Using the properties of the coating 

given in [4.10] (E=0.02 GPa, v=0.5 and a =145x 10-6K') the predicted responsivity to 

temperature is 0.144 nm. K', in good agreement with the measured responsivity. 

Response time 

The response time of the sensor can be estimated by consideration of the rate of heat 

conduction through the coating. For an infinitely long cylinder, where we consider radial heat 

conduction only, the radial temperature distribution, T(r), when the cylinder is not in thermal 

equilibrium with its surrounding is described by the Fourier equation [4.11], 

aT a2T DT 57 ärZ r ar (4.11) 
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where r is the radial distance from the centre of the cylinder and J is the thermal diffusivity 

equal to K(cp)-' where c, in this case, is the specific heat capacity, K is the thermal 

conductivity and p is the density of the cylinder. (4.11) can be solved exactly yielding, 

T'-T' 2Z (4.12) 
To-Ts m=1 zmJl(zm) 

where T, T, are the temperature at the centre and surface of the cylinder respectively at time 

t=t, To is the temperature of the cylinder at t =0, R is the radius of the cylinder, Jl is the 

first order Bessel function and z, � 
is the mth root of the zeroth order Bessel function. Values 

of the right hand side (rhs) of (4.12) are tabulated in Appendix A of [4.11] in terms of ýt / R2 . 

In the case of a coated fibre we assume that the fibre diameter is small compared with the 

coating and hence ignore the difference in thermal conductivity and diffusivity of the fibre layer 

(also, glass generally has a higher thermal diffusivity than most rubbers). The response time of 
the sensor can be estimated by determining how long it takes for the centre of the coating to 

approach its surface temperature if the surface temperature is increased by an amount AT. So 

we calculate the time for the centre to increase in temperature by 0.90T 
. In this case the left 

hand side Ps) of (4.12) becomes equal to 0.9. Taking the values for the thermal conductivity, 
specific heat capacity and density for soft rubber, given in [4.11], as X=0.168 J. s''. m 1. K t, 

c =1.88X 103 J. kg'. K 1 and p =1.1 x 103 kg. m 3 this yields a value of ý =8.1 x 10$m2. s''. For the 

rhs of (4.12) to equal 0.9, the term et I R2 -0.085, using Appendix A of [4.11]. Thus if R is 

40 r then t =6.6s. We can also determine the response time of a bare IFBG. Taking the 
diffusivity of glass as ý =5.1 X 10"'m2. s-' [4.11], then t=0.26 ms for R=40 µm and t=0.65 ms 
for R =62.5 µm. Hence, the response time from a coating of this thickness tends to be 

relatively slow. It may, however, be possible to increase the response time by loading the 
polymer with high thermal diffusivity material. This will also modify the mechanical properties 
of the coating, which may slightly modify the temperature and pressure responsivity. 
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4.4 Experimental Set-Up 

Commercially available gratings were tested (supplied by Kromafibre Inc) with a Bragg 

wavelength, AB 
, of 1543nm. These were supplied with a re-coat of acrylate over the grating, 

which was left in place on all but one of the coated sensors prior to over-moulding (to prevent 

damage to the IFBG). A 200mm length of fibre centred on the grating was coated to a diameter 

of 5mm, chosen to be 40 times the diameter of standard 125 . tm optical fibre. The two 

materials used in these experiments were a 'soft' epoxy resin (Scotch Cast 815 Resin) and a 

'hard' polyurethane (APT-Flex F17). The Young's modulus and Poisson's ratio of these 

materials were estimated to be E =0.05 GPa, V =0.45 and E =1.0 GPa, V =0.45 respectively. 
Once cured, the two coated and one bare IFBG were placed in a water-filled pressure vessel 

and the fibres were passed through a gland to the interrogation interferometer. 

To interrogate the gratings, a drift-compensated interferometric detection scheme was used 
[4.12]. The experimental set-up is shown in fig. 4.6. 

/1/I/1 Sensor FBG 

Broad 
Band 

Source 

BPF 
0r - 01 

--, LIA 
RPF 

Delay, td 

Reference FBG 

Figure 4.6: Experimental set-up 

The set-up comprises a Mach-Zehnder interferometer (MZI) with a small path imbalance, d. 

A piezo-electric (PZT) fibre stretcher was incorporated into one arm to allow a carrier phase 

modulation to be applied. The sensor grating is spliced to one output port and the reference 
grating to the other port. Two directional couplers were also incorporated into the output ports 
to allow the reflected light from the IFBG's to be separated onto photodiodes. A 1550nm ASE 
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broadband source (BBS) provided 20mW of light to the input of the MZI. A 300Hz-serrodyne 

(rising ramp) modulation was then applied to a piezoelectric cylinder which had a number of 

turns of optical fibre from one arm of the MZI wrapped around its circumference. The 

amplitude of modulation on the PZT was adjusted to achieve a 27C phase excursion thus 

generating the carrier signals. These two carrier signals were then band pass filtered (BPF) at 

the modulation frequency and fed to a lock-in amplifier (LIA) which measures the phase 

difference between the two carriers. The lock-in amplifier was set with a 100ms integration time 

and gave an output of ±10V for a corresponding input signal deviation of ±TC radians. The 

unbalanced MZI in this configuration had a path imbalance, d, measured to be 3.3mm giving 

an optical path difference (OPD = nd) of 4.8mm, which was less than the coherence length of 

the 0.1nm FWHM bandwidth IFBGs used in these tests. The scale factor between phase and 

wavelength shift is then given by, 

AO 2nd 
2 (4.13) AB _ýe 

which yields a value of 13.1 rad. nm-1. In this configuration, the difference in phase between the 

two carriers will depend only on changes in the reflected wavelength of each grating. Thus, 

phase-shifts induced by temperature changes of the interferometer will not give rise to an 

unwanted signal since they are common to both carrier signals. By maintaining the reference 
and sensor grating at a constant temperature, high resolution quasi-static strain measurements 
on the sensor grating can be made. In the experiment, the reference and sensor IFBG were 
placed with the interferometer in an isolated chamber. 

The pressure within the vessel containing the coated and bare IFBGs was then cycled between 

zero and -3.45x106 Pa (-500psi) over a 13 minute period using a hand pump. Attached to the 

pressure vessel was a strain-gauged pressure sensor (rated to 1000psi). The conditioned signal 
from this sensor was recorded on one channel of a PC-based ADC while a second channel was 
used to record the output from the LIA. 

Once the measurements from all three IFBGs had been recorded, the results were scaled using 
the factor 41.6 V. nrri'. These results were then plotted against the conditioned pressure sensor 
signal. 
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4.5 Results and Discussion 

The results from the bare grating are shown in fig. 4.7 and the results for the `soft' and `hard' 

coating are shown in fig. 4.8 and 4.9 respectively. The measurements are summarised in table 

4.2. (It should be noted that in the pressure response plots, the wavelength shift axis is reversed. 

In addition, the two plots have identical scales to make comparisons of the effect of gain on the 

IFBG pressure sensitivity easier to identify). A responsivity of -3.48x10-9nm. Pä'±23% was 

obtained for the bare IFBG, which agrees well with the value of -4.4x10-9nm. Pa 1 predicted by 

(2.111)10. Both the magnitude and sign of the observed wavelength shift are consistent with the 

assumption of hydrostatic boundary conditions. With the soft and hard coatings, responsivities 

of -3.19x10$nm. Pa 1±3% and -6.52X10-'nm. Pa'±2% respectively, were obtained. This 

corresponds to amplifications of 19.2 dB±1.7dB and 25.5 dB±1.7dB relative to the bare grating 

measurement for the `soft' and ̀ hard' coating respectively. 
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Figure 4.7: Responsiviiy of bare IFBG 

I0 Taking a value of the Poisson ratio of the fibre core, V =0.23, which is sometimes used in the literature, results in a predicted 
value of the responsivity of -3.6X 10.9 nm. Pa-t, which is somewhat loser to our measured value. 
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Figure 4.8: Responsivity of IFBG with a `soft' coating 
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Figure 4.9: Responsivity of IFBG with a `bard' coating 

Table 4.2: Measurements of coated gratings 

Bare Grating Soft Coating Hard Coating 

Pressure Difference (MPa) 3.45±1% 3.45±1% 3.45±1% 
Wavelength Shift (nm) -0.012±18% -0.110±2% -0.225±1% 
Sensitivity (nm. Pa 1) -3.48X10-9±23% -3.19 x 10$±3% -6.52x 10$±2% 
Amplification Factor, - 9.2±22% 18.8±21% 
Gain (dB) 19.2±1.7dB 25.5±1.7dB 
Predicted gain [dB] -- 55 30 
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The fact that the MZI output does not always return to zero after the pressure has been 

removed is attributed primarily to residual drift, caused by a small variation in temperature of 

the reference grating. The maximum drift observed on both coated and uncoated fibres over 

the duration of the measurements (800s) was -0.01 nm, which corresponds to a change in 

temperature of the reference grating of -0.9K. In the case of the coated fibres, this drift may 

also be partly attributed to creep between the fibre and coating. The measurement of the 

wavelength shift was carried out over the duration of a rising or falling edge of a single pressure 

cycle in fig. 4.7-9. The measurement error is thus due to the drift over this duration (20s), which 

was estimated to be 6d =±2.2x10"3nm and due to the error in the reference sensor read-out 

(-±1%)". The spurious `spikes' seen in the reference sensor readout were due to electrical 
interference in the digital readout meter and where not caused by the pressure vessel. 

Shown in table 4.2 is the amplification predicted by the theory presented in section 4.2. The 

predicted amplification for the `hard' coating is -4.5 dB greater than that measured. The 

difference here may be explained by the following factors: () the uncertainty in the mechanical 

properties of the coating materials. Taking the Young's modulus of the coating as 1.6GPa 

(instead of 1 GPa) results in a predicted amplification of 25.5dB; and (u) the bond between the 

fibre and the polyurethane coating may not give rise to complete transfer of strain between the 

coating and the fibre. Thus, strain in the coating will not be fully transferred to the fibre and the 

assumption that the strain in each layer is equal will no longer be valid. However, on inspection 

of the coated fibre after the tests were carried out, no significant debonding was visible. 

The reason for the large discrepancy found between measurement and prediction for the soft 

coating is less certain. The presence of the primary acrylate coating on the IFBG may prevent a 

good bond between the fibre and the coating; however, this discrepancy is more likely to be 

due to an inaccurate estimation of the Poisson ratio of the `soft' coating. On inspection, the 
`soft' coating may be more rubbery with a Poisson ratio approaching 0.5. Setting the Poisson 

ratio of the coating, V =0.4987 results in a predicted amplification of 19.2 dB, corresponding to 
the measured value. 

tý If two parameters X and y have errors Sx 
and 89 

respectively, then the error, 6, in the ratio (x+Sx)/(y+sy)=xly+E is given by E-Sx/y-xöjy/y providing 5x/x41 and dyIy«1. Ihjsequation 
is only approximate in our case since the small error approximation is not valid. Thus, the errors in table 4.2 have been 
calculated exactly. 
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To our knowledge, conventional coating materials have not yielded amplifications of greater 

than 30 dB. However, recent work based on microsphere loaded polymers has demonstrated 

up to 40 dB of gain from a coating a few mm thick [4.13]. The compressibility of the 

microsphere loaded coating generates high axial strain in the fibre; however, it has been shown 

that buckling of the microspheres under moderate hydrostatic pressures can cause the 

compliance of the coating to change [4.14]. With conventional coatings, it has also been found 

that shear can occur between the coating material and the fibre as pressure is being applied 

[4.15]. 

It is interesting to determine the resolution of a coated in-fibre laser (IFL) configured as an 

acoustic sensor. Assuming the resolution of an uncoated IFL is 37 mPa. Hz "Z and an 

amplification factor of 18.8 is achieved, the resolution is increased to 2 mPa. Hz-'/Z. Thus, 

although the coated IFL acoustic sensor does not match the mandrel type interferometric 

acoustic sensor in terms of pressure resolution (20µPa. Hz'"), it may be adequate for some 
lower performance sonar applications where a small transducer is desirable. Other issues must 
also be investigated such as the effect of the coating on the grating properties, which may 

modify the behaviour of the laser. 

In conclusion, we have demonstrated the increase in responsivity to pressure of a coated IFBG 

compared to a bare IFBG. Amplification factors of up to 25.5 dB±1.7dB were obtained with a 
5mm diameter coating of polyurethane. A simple model to determine the strain in this 
composite fibre structure was presented to explain this result. We also presented a simple 
model to predict the increase in responsivity to temperature due to the higher thermal 

expansion coefficient of the coating compared with the fibre and obtained good agreement 
between this model and previously published experimental data. Finally, we considered the 

practicality of these types of sensor, in particular the response time of a coated IFBG 

configured as a temperature sensor and also how these techniques may be applied to an in-fibre 

laser acoustic sensor. 

Coated IFBG's are attractive as discrete sensors due to their simplicity and small size and the 
increase in responsivity to temperature obtained from the coating may be useful if the grating is 

configured as a temperature sensor. Using a dual grating approach where each grating has 
different scale factors for temperature and pressure responsivity (i. e. one coated and one 
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uncoated IFBG) would allow both temperature and pressure to be extracted simultaneously 

[4.9]. However, further work is necessary to improve the bonding between the coating material 

and fibre and to investigate the effects of creep, in order to assess the long term accuracy as a 

quasi-static pressure/temperature sensor. Although the IFBG and IFL sensors may not replace 

the fibre-optic interferometric acoustic sensor, they may compliment them or replace them in 

some specialised applications. For example, high resolution depth information can be obtained 

from static pressure measurements from an IFBG which is useful for some array applications 

and an IFL acoustic sensor could be used for applications where a very small sensor head is 

required. 
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Part III 
Sensor Multiplexing 

Chapter 5 

LARGE-SCALE MULTIPLEXING OF FIBRE-OPTIC INTERFEROMETRIC 
SENSORS USING TDM AND DWDMt 

Abstract Multiplexing schemes for interferometric fibre sensors based on TDM and DWDM 

using optical add/drop multiplexers are described. The results of an experimental arrangement 

which is based on one of the architectures is also presented. Topics include a discussion of the 

noise sources in the system, dynamic range and a characterisation of the DFB fibre laser source 

noise. We show the crosstalk levels in the experimental arrangement to be between -47 dB and 

-76 dB depending on the mechanism involved. The multiplexing schemes demonstrate the 

potential to address at least 192 interferometric sensors through two fibres based on a system 

with 6 wavelengths with a phase resolution less than 20 µrad. Hz'/2. For application to sonar 

arrays, our analysis has shown that hydrophones multiplexed in this type of architecture would 

achieve ambient acoustic noise limited pressure resolution with an in-water dynamic range up 

to 135 dB at frequencies up to 10 kHz. In general, these architectures would find application in 

systems requiring very large numbers of sensors with a minimum of telemetry cabling required. 

5.1 Introduction 

J nterferometric fibre optic sensors have been an area of active research for the last two 

decades. Of particular interest is their application to military sonar arrays where they 

provide an alternative to the conventional electro-ceramic based hydrophone, and it is this 

application that has been the main driver behind the development of optical fibre sensor based 

hydrophone arrays. The optical hydrophone array offers advantages since they arc electrically 

passive, immune to electro-magnetic interference and may provide a reduced through-life cost. 
The technology has reached a level of maturity such that at-sea deployments of prototype 

I This chapter is a transcript of the paper by G. A. Cranch and P. J. Nash, 2001 "Large-scale 
multiplexing of interferometric fiber-optic sensors using TDM and DWDM'I" J. Light. Tech. 19 
(5) 687-699 
© British Crown copyright 2001. Published with the permission of the Defence Evaluation and Research Agency 
on behalf of the Controller of HNISO 
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optical hydrophone arrays have been reported by various groups [5.1,5.2]. The largest array 

reported to date consisted of sixty-four hydrophones in a time and wavelength division 

multiplexed (TDM, WDM) architecture [5.2] and demonstrated the potential to address up to 
128 hydrophones through three separate fibres. In the TDM scheme, the sensors are 

sequentially addressed using a pulsed input signal such that time of flight of optical pulses in the 

multiplexed array allows individual sensor signals to be distinguished. Wavelength division 

multiplexing allows many TDM signals at different wavelengths to be combined on a single 
fibre. Since full size sonar arrays may contain in excess of 1000 sensors, techniques that allow 

multiplexing of many sensors through one or two fibres are of particular interest. 

When designing a multiplexing scheme, the following design aims must be considered: (i) 

maximise the number of sensors addressable through one or two fibres; (i) maximise the 

optical efficiency of the array (i. e. ensure that optical power is efficiently distributed between 

sensors with low excess loss); (1) minimise the sensor to sensor crosstalk; (iv) maintain 

comparable performance from a multiplexed sensor to that of a single sensor; and (v) maintain 
an electrically passive array. Once these design aims are met, comparison between one 
architecture and another can be made in terms of the crosstalk between sensors. In this paper 
the sensor to sensor crosstalk is determined by applying a narrowband tone to one sensor and 
measuring the crosstalk signal amplitude on adjacent sensors. In general the crosstalk signal will 
vary with time since it consists of the interference of unwanted signals generated by different 

mechanisms that have random phase relationships. Measurement of the crosstalk is usually 
carried out by taking an arithmetic mean of multiple time records of the sensor signal output. 

Many multiplexing schemes have been proposed based on techniques including time, 
frequency, coherence and wavelength division multiplexing and are reviewed in detail in [5.3]. 
However, to date, only those based on time, frequency and wavelength [5.4-5.6] have been 
demonstrated to multiplex greater than ten sensors with crosstalk levels less than -40 dB onto 
two fibres or less and achieve an interferometric phase resolution approaching 10 trad. Hz't12, 

where this figure is considered to be a typical aim for most sonar applications. The TDM 

scheme has been shown to be the most successful technique for achieving the design aims 
stated above. Many sensor networks based on TDM have been proposed, which generally 
differ in terms of the way in which optical pulses are delivered(returned) to(from) the sensor. 
However, in general the launched and received signal for these various networks are very 
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similar. The choice of TDM network is usually determined by constraints on crosstalk levels, 

number of components and cost. 

Recent work has investigated the use of remotely pumped erbium doped fibre amplifiers 

(EDFA) in TDM based ladder architectures to increase the number of sensors addressable 

through two fibres [5.7-5.9]. A system was demonstrated which consisted of a ten rung ladder 

structure using multiple low gain amplifiers to overcome the branching loss in each ladder rung 

and achieved a phase resolution approaching 1 grad. Hz 1/2 [5.10]. In these schemes, however, 

the increase in number of sensors addressable is accompanied by a proportional reduction in 

the optical duty cycle or interrogation rate of each sensor, which reduces the available 

bandwidth and hence dynamic range. 

The use of wavelength multiplexing combined with time division multiplexing has been 

previously reported [5.11]. This paper extends this principle to novel multiplexing schemes 
based on time and dense wavelength division multiplexing (TDM, DWDM). Recent 

developments in dense wavelength division multiplexing technology, mainly for the 

telecommunications applications, have made possible practical realisations of large, highly 

multiplexed systems that meet the design aims laid out above. This paper presents a theoretical 

and experimental investigation into these new architectures and discusses the performance 
implications of these architectures for practical large systems. 

The architectures we present combine DWDM with the TDM architecture reported in [5.12]. 
This TDM architecture has demonstrated high performance from sensors in an optically 

efficient arrangement with low component numbers. The performance of this TDM 

architecture has been significantly improved since it was initially proposed. In sec. 5.2, we 
discuss how the crosstalk has been reduced by use of asymmetric directional coupler-based 

reflectors, and how the power returned from each sensor is equalised by tailoring the coupler 

ratios. Sec. 5.3 then describes the proposed DWDM/TDM architectures and the component 

requirements and characteristics. Sec. 5.4 describes the experimental implementation and a 
description of the fibre lasers used for interrogation of the sensors. Sec. 5.5 presents the results 
of the architecture characterisation. Sec. 5.6 presents a theoretical analysis to determine the 

signal resolution and dynamic range of a sensor in an array and discusses the extent by which 
the array architecture can be scaled up. Finally, conclusions are summarised in sec. 5.7. 
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5.2 The Pulsed Reflectometric Architecture 

The pulsed reflectometric architecture (PRA) with heterodyne detection reported in [5.12] 

provides a technique to multiplex a practical maximum of ten interferometric sensors onto a 

single fibre. A typical multiplexed sensor arrangement is shown in fig. 5.1. 
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Figure 5.1: Pulsed reflectametric architecture using TDM after [5.12] 

The array comprises a number of sensor coils, labelled 1 to N, spliced in series and separated by 

either a semi-reflecting splice or a directional coupler arranged to operate as an asymmetric 

mirror. This latter configuration is achieved by applying a silvered mirror coating to the output 
port of the coupler and index-matching the unused input port. Thus, each sensor coil forms 

one arm of an unbalanced Michelson interferometer. If two pulses separated in time by 2T, 

where Z is equal to the one-way optical transit time in the sensor fibre, are launched into the 

array then a reflection of each pulse will be produced by each mirror. If a frequency shift of 
ff is applied between the two launched pulses, i. e. ff=f- f2 where f and f2 are the optical 

frequencies of the two pulses, then the overlap of these two pulses will, on detection, generate a 
beat frequency designated as the heterodyne frequency or intermediate frequency (IF). The 

launched pulses are generated using a path balancing optics arrangement, discussed in Sec. 5.6. 
This ensures that the returned pulses from the array overlap in time. The received signal from 

the array thus consists of a series of heterodyne pulses corresponding to each sensor, as shown 
by the inset in fig. 5.1. The signal from an individual sensor is extracted by electronic time 
gating of this pulse train. Applying a dynamic strain to the sensor fibre imposes a phase 
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modulation, O(t), on the heterodyne signal which can be extracted by frequency discrimination 

or phase locked loop techniques. The photodiode current for a single heterodyne pulse can be 

represented by, 

i(t) = RP + RP2 + 2RV PPZ cos(27 fit + O(t)) (5.1) 

where R is the photodiode responsivity, P and P2 are the powers returned from consecutive 

reflectors to the photodiode and V is a fringe visibility term. 

In a practical system, the power split ratios of the couplers are chosen such that equal power is 

returned from each reflector and are a function of the splice and coupler excess losses and the 

number of sensors, N. The coupler ratios required to ensure equal power is received from 

each sensor has been investigated in [5.13] and we can apply this analysis to our case. For an 

array of N sensors, the required power transmission ratio of the nth coupler is given by, 

N-1 
E Q(N-t)-1 +1 

an = 

[J- 

NF' for n=1,2,3.. (N-1) (5.2) 
ß(N-3) +1 

where 8 is the lumped loss per sensor and includes the sensor fibre loss, coupler excess loss 

and two splices, CaN =1/2, aN+l =0 and we assume a 100% mirror reflectance. In this case 

Pl = P2 =P and (5.1) reduces to, 

i(t) = 2RP(1+V cos(2; r fit +O(t))) (5.3) 

The insertion loss (IL) of the TDM array shown in fig. 5.1 (referred to later as an array module) 
is defined as the ratio of the peak pulse power returned from a reflector, P, to the peak pulse 

power launched, Po, 

ILS� =P= 
(1-al)2 

PO 4 (5.4) 
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where the factor of 4 accounts for the loss due to the telemetry coupler required to separate 
launch and return pulses (this loss could be avoided if a circulator is used in place of the 

coupler). 

The number of sensors that can be multiplexed in series onto a single fibre is limited by the 

required interrogation rate for each sensor and the optical power. The maximum interrogation 

rate, f rep , can be deduced from the transit time of the optical pulse through the array and for 

the array in fig. 5.1 can be maximised to be 11(21'(N + 1)) Hz. Assuming the pulse width, w, is 

set to 2z, the optical duty cycle, D, is 1 /(N + 1) . The maximum interrogation rate can also be 

expressed in terms of the sensor coil fibre length, 1, and the fibre effective refractive index, 

ne ff , 

fiep =C 
2neff1 (N+1) (5.5) 

where c is the speed of light in a vacuum. 

Using the basic architecture shown in fig. 5.1, up to 32 sensors have been multiplexed onto two 
fibres by interleaving the pulse returns from four sections consisting of eight sensors each 
[5.14], as shown in fig. 5.2. By setting the launch pulse width, w, to half the optical transit time 

in the sensor coil, Z/2, and setting the length of the delay coils such that 4= 31.1, L2=24 

and l =1/4, the received pulse train consists of 32 individual heterodyne pulses. Similar 

multiplexing schemes can be implemented using alternative interrogation methods, such as 
phase-generated carrier [5.4]. 
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Figure 5.2: Tbirly-two element TDM PRA based array 

5.3 DWDM/TDM Architecture Designs 

The principle of the large-scale architectures proposed here is based on a common telemetry 

fibre that carries the interrogation pulses ' for m wavelengths, to Am 
. Optical add/drop 

multiplexers (OADM) are spliced in series into the telemetry fibre at appropriate positions, 

which allow a single wavelength to be coupled into a corresponding separate fibre. This 

wavelength is then launched into a TDM array module and the return signals from this array 

module are then either re-combined with the telemetry fibre or combined onto a second 

telemetry fibre that carries the return signals. In the following discussion we refer to the 

wavelength that is separated from the telemetry fibre as the "dropped" wavelength and the 

wavelength that is recombined as the "added" wavelength. Three architectures based on this 

principle are shown in fig. 5.3a, b, c and are referred to as architectures (a), (b) and (c) 

respectively. 
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Figure 5.3: DWDM/TDMArchitecture Designs 
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In architecture (a), the OADMs are arranged in series along the telemetry fibre, such that each 

wavelength is coupled from the telemetry fibre and launched into an array module. The return 

signal from the array module is re-combined onto the telemetry fibre and passes through all the 

remaining OADMs. Architecture (b) requires the "add" and "drop" functions to be performed 

by separate devices since the return signals from an array module are combined onto a separate 

telemetry fibre. This architecture has the advantage that if the telemetry fibre is severed then 

only the signals from the array modules corresponding to OADMs positioned after the break 

are lost. However, in this configuration the optical signals from each array module do not pass 

through a common path and therefore do not experience the same optical loss. The optical 

power levels received for signals from array module 1, for example, will be significantly higher 

than those from array module m and some form of equalisation will be needed to balance the 

powers. This could be achieved by either incorporating excess loss into the optical add (or 

drop) port of the OAM (or ODM) or by pre-emphasis of the launched signals. Architecture (c) 

is similar to architecture (b); however, the optical signals from all array modules now take a 

similar path and hence experience approximately the same optical loss. 

The insertion loss of each array architecture can be estimated by tracing the path of a single 

wavelength passing through the array. If there are m array modules and the insertion loss of an 

"add", "drop" or "pass-through" in the OADM is y, then the array insertion loss for 

architectures (a) and (c) is r(m+') " ILS where we have neglected the extra splice losses in the 

telemetry fibres. For architecture (b), the insertion loss is estimated for the wavelength that 

takes the path of highest loss (i. e. A,. in fig. 5.3b). In this case the array insertion loss is 

y2m " IL.. The insertion loss of this architecture is therefore a factor of y`1 higher than that 

of architectures (a) and (c). 

5.4 Experimental Arrangement and Component Characterisation 

5.4.1 Experimental arrangement 

To demonstrate the architectures described in Sec. 5.3, the experimental arrangement shown in 

fig. 5.4 was set up. This comprises an array interrogated by three wavelengths in an 

arrangement corresponding to architecture (a). Two OADMs were used, one based on a multi- 
layer interference filter [5.15] and one based on an interferometric arrangement with in-fibre 
Bragg gratings [5.16]. 
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Figure 5.4: Experimental Arrangement 

The experimental arrangement comprises two coupler based (with mirror reflectivities -80- 

909/6) TDM pulsed reflectometric array modules combined onto a pair of fibres. The primary 

aim of the experiment is to characterise crosstalk between sensors. This was achieved by 

applying dynamic strains to the fibres in individual sensors and was implemented by winding 

approximately lm of the sensor fibre onto individual piezo-electric fibre stretchers made from 

lead-zirconate titanate (PZT) rings. This allows large test signals, representative of an acoustic 

signal, to be injected in a quantifiable way into individual sensors and also ensures that there is 

no non-optical cross-coupling of the test signal between sensors (this was verified by injecting a 

signal onto a PZT ring that wasn't connected to the other sensors). A hydrophone coil with 

100m of fibre [5.17] was also inserted into each sensor coil, such that the total fibre length in 

each sensor was approximately 101m. 

Array module I consisted of eight hydrophone coils and array module 2 consisted of four 

hydrophone coils. The PZT stretchers were shielded from the hydrophone coils to prevent 

non-optical crosstalk due to acoustics or vibrations. The output of the laser source is launched 

into the path balance unit. This splits the light into two separate fibres and launches it into 

separate fibre coupled acousto-optic modulators (AOM) which produce the frequency shifted 

optical pulses when driven by a pulsed RF signal (in our experiment ff =10.7AMHz). One of the 

pulses is delayed relative to the other by passing it through a delay coil (202m in length) and re- 

combined with the other pulse onto a single fibre. These re-combined pulses are then amplified 
in a power amplifier and launched into the array. 
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A single wavelength is coupled from the telemetry fibre by the OADM and launched into an 

array module, and the return signal is then recombined with the telemetry fibre. The fibre used 

in the array modules has a high numerical aperture (NA=0.21) to reduce bend losses. To 

overcome the splice losses between the standard telecom fibre (NA=0.11) Of the OADMs and 

this high NA fibre, a mode-matching technique was used, based on splice fattening [5.18], to 

maintain splice losses typically less than 0.2 dB (low loss splices between the two fibres were 

supplied by Feasa Enterprises, Ireland). The return signals from the array were amplified in an 

EDFA configured as a pre-amplifier. This amplifier was pumped by a 980 nm laser diode that 

supplied 70 mW of optical power and could provide 30 dB of small-signal gain with a noise 

figure of 3.5 dB. The tuneable optical filter was used to discriminate between the wavelengths. 

This exhibited an insertion loss of 5 dB and a 3dB bandwidth of 0.42nm. The output of the 

filter was then detected on a photodiode and the TDM signal was electronically time gated and 
demodulated to extract the acoustic signals using frequency discriminators. 

5.4.2 WDM component specification 

The performance of the OADM influences the crosstalk levels observed in an array. Two 

mechanisms that can give rise to crosstalk are known as: (i) inter-channel crosstalk and (u) intra- 

channel crosstalk. Inter-channel crosstalk refers to the power level of adjacent wavelengths that 

are coupled into the "drop" port of the OADM from the through port or into the through port 
from the "add" port. This results in a small amount of power at all other wavelengths passing 
through an array module. Intra-channel crosstalk refers to the amount of light at the "drop" 

wavelength that passes through the device into the through port rather than being coupled into 

the "drop" port. This light will interfere with signals coupled back into the telemetry fibre. 
Intra-channel crosstalk only needs to be considered for architecture (a) and can be ignored in 

architectures (b) and (c). 

The specifications of two OADMs used in the experiment are shown in table 5.1. 
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Table 5.1: Characteristics of OADMs Used in the Experiment 

Device' Insertion Inter- Intra- Return 
Loss channel channel Loss 

crosstalk crosstalk 
Interference filter based < 0.71 dB 25.9 dB 20.7 dB > 45 dB 

add or drop device2 
Interferometric, in-fibre < 0.5 dB > 31 dB 28 dB > 16 dB 
Bragg 2ratinc device3 

I Here the channel spacing for each device is 200 GHz. 2 Supplied by]DS-Fitcl, US 
3 Supplied by Tecos, Germany 

Using the data in table 5.1, we can now consider the implication of the OADM specifications 

on the cross-talk. The inter-channel crosstalk causes unwanted light from adjacent channels to 

be coupled into each array; however, since adjacent channels undergo a minimum optical 

suppression of 51.8 dB (2 x 25.9 dB) for an "add" and "drop" process (for the interference 

filter based device), crosstalk by this mechanism is negligible. The intra-channel crosstalk causes 

the two input pulses to each array module to be transmitted directly to the output port of the 

OADM. These pulses will overlap in time with the return pulses from the array module, 

obscuring the heterodyne signals; however, by inserting a delay coil of suitable length in the 

fibre link to the array module, these pulses can be separated in time from the array module 

return signals. 

The performance of the wavelength demultiplexer (WDMUX) may determine the crosstalk 

levels between sensors in adjacent array modules. Incomplete suppression of adjacent channels 

by the WDMUX will produce unwanted signals from adjacent array modules on the 

photodiode. Typically, the adjacent channel suppression for a wavelength demultiplexer is 

greater than 30 dB [5.19], equivalent to 60 dB in the electrical domain, which is adequate for 

most applications. 

5.4.3 Laser characterisation 

The laser sources used in the experiment were based on the Er" doped distributed feedback 

fibre laser (DFB FL)12. The source consisted of three separate laser cavities spliced in series and 

pumped by a single 100 mW 1480nm semiconductor pump diode, as shown in fig. 5.5. 

12 The DFB fibre lasers where supplied by Ionas, Blokken 84, DK-3460, Birkerod, Denmark 
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Figure 5.5: 3-wavelength MOPA configuration DFB FL 

The three wavelengths were launched into a length of Er3+ doped fibre which was pumped by 

the residual 1480nm power to form a master-oscillator/power-amplifier (NIOPA) configuration 

[5.20] and produced approximately 2 mW of optical power per wavelength. Each fibre laser 

produced a single longitudinal mode output and was forced to lase in a single polarisation mode 
by applying a birefringent phase-shift to the grating [5.21]. The lasers, designed for 

telecommunications applications, produced optical radiation at wavelengths, compatible with 

the International Telecommunications Union (ITU) grid, of 1551.68nm, 1553.3Gnm and 
1554.93nm. The optical spectrum is shown in fig. 5.6. 
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Figure 5.6: Optical spectrum of MOPA output 

In an interferometric fibre sensor, the phase resolution can be degraded by both laser relative 
intensity noise (RIN) and frequency noise. The frequency noise is converted to phase noise by 

the interferometer and is proportional to the path imbalance in the intcrferometer. For a Mach- 

Zehnder interferometer, the phase difference between the two output arms of the 
interferometer is given by, 
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Ao = nefkd (5.6) 

where k is the free-space wavenumber (k = 2n /A= 2)rV / c) and d is the fibre path- 

imbalance. Differentiation of (5.6) with respect to optical frequency, V, yields, 

8 
2zn`f d 

8v 
c 

(5.7) 

where 8O and Sv are the phase and frequency noise spectral density respectively. The path 

imbalance, d, in the experimental arrangement is minimised by the path balancing unit; 
however, in practice, a non-zero path imbalance will exist. The frequency noise of the laser was 

measured using a 100m imbalanced interferometer with heterodyne detection [5.22]. The result 
is plotted in fig. 5.7 for the 1551.68nm laser, in terms of the phase noise amplitude from a 
Mach-Zehnder interferometer normalised to a1m fibre path imbalance as a function of 
frequency. 
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Figure 5.7: Frequency induced phase noise and relative intensity noire of the Er' DFB fibre later 

(A =1551.68nm) used in the experiment. 

The frequency noise of the DFB fibre laser was found to exhibit an f -' relationship where 
r =0.6 for frequencies up to 1 kHz. Between 1 kHz and 6 kHz the phase noise spectrum was 
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experiment) , 
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flat at 0.6 µrads. Hz-'12 ±58% for a 1m fibre path imbalance. Significant structure was observed 

at 30 Hz, 40 Hz and 200 Hz where the phase noise, was above 100 trads. Hz-1/2 and is believed 

to be caused by ambient acoustics even though the laser was packaged in an acoustically 

shielded box. 

The RIN of the laser is defined as, 

RIN [dB. Hz ']=101og is" (f) 
(5.8) 

where Sc,, (f) is the spectral density of the laser power fluctuation and P is the mean laser 

power. The measured RIN of the A =1551.68nm DFB FL is also shown in fig. 5.7. The RIN 

was measured to be -77 dB. Hz"' ±2 dB at 1 kHz for a pump power of 100 mW. This level of 

RIN is unusually high for this type of laser and was found to be due to excess low frequency 

noise from the current source. Measurements carried out on a single DFB FL of the same 
design, pumped at 980 nm with a power of 140 mW and a low noise current source have 

demonstrated RIN levels less than -110 dB. Hz"1 ±2 dB at 1 kHz, as shown in fig. 5.7. This laser 

arrangement also exhibited similar frequency induced phase noise levels to the 1480 nm- 

pumped DFB FL. This indicates that sufficiently low RIN can be obtained from the DFB FL 

with these choices of pump power and wavelength. The relaxation oscillation is present at 
137kHz and is dependent on the pump power and grating strength [5.23]. Suppression of this 

peak would be achieved using active feedback to the pump diode [5.24], as described in sec. 7.5. 

Similar results were obtained for the other two DFB FL's used in the experiment. We return to 

the subject of noise suppression in DFB fibre lasers in chapter 7. 

5.4.4 Power budget consideration r 

The power budget determines the peak pulse power received from a single reflector in the array 
and is calculated by considering the insertion loss (IL) or gain of each component in the system. 
The power budget for the arrangement in fig. 5.4 is given in table 5.2. 
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Table 5.2: Power Budget 

Component Loss / Gain Unit 
Laser source 2 dBm 
PB unit loss -14 dB 
Post-EDFA gain 22 dB 
ODM IL -0.8 dB 
Array module IL -37 dB 
OAM IL -0.8 dB 
Splice loss x 8(0.4 dB per splice) -3.2 dB 
Pre-EDFA gain 14 dB 
Tunable filter IL -5 dB 
Margin -3 dB 
Received single pulse power -25.8 dBm 

Each fibre laser supplies around 2 dBm of optical power, which is reduced by a factor of 14 dB 

due to the AOM IL and coupler loss in the path balancing unit. The power amplifier is able to 

supply a considerable amount of gain to the input signals, since despite the relatively high input 

pulse power, the pulsed nature of the input signals significantly reduces the average input power 

to the amplifier (the duty cycle was 8.3 dB). The power amplifier supplies 22 dB of gain and 

thus launches 10 dBm peak power per wavelength into the array. The array modulc IL is 

calculated from (5.2) and (5.4) for the case when N =8 and /B =0.5 dB and the OAM/ODM 

IL are taken from table 5.1. The input power to the pre-amplifier for the two wavelengths 

carrying sensor signals was --31.8 dBm per wavelength; however, the power of the third 

wavelength that did not interrogate an array was -3 dBm. The total input power to the pre- 

EDFA was thus -3 dBm which reduced the gain to 14 dB per wavelength. 

The received heterodyne signals from each array module are shown in fig. 5.8(a) and (b) 

corresponding to array module 1 and 2 respectively. The length of the delay coil in array 

module 2 was set such that the heterodyne signals from this module arrived back at the 

photodetector in the same time slot as the last four heterodyne pulses from array module 1. Fig. 

5.8(c) shows the received signals from array module 2 with the extra pulses due to the intra- 

channel crosstalk clearly visible, which have been separated from the heterodyne pulses by the 
delay coil. 

-151- 



>-I nie-Haile- 91111liplexu1 of /ihre-optic irt/eýýrirýuýrhir ýrý, ýýýrr nýiýný 7 1>. 1I uýrl 1 ýU I 11 

týigrrre >. 1: Received heterodyne signalr 

5.5 Experimental Results 

The system was characterised in terms of crosstalk. 'I'lse sensu>r-to-sensOr crosstalk was 

measured on array module 2 by applying a narrowband to Inc at 1 kF-lz to scnsor 2. The signal 

on an adjacent channel was then measured as shown in fig. 5.9a. 
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Figure 5.9(con't): (b) Array-sensor crosstalk 

The crosstalk level observed after thirty averages was found to be -47 dB and the same level of 

crosstalk signal was also found on sensors 1 and 4. When tones were simultaneously applied to 

sensors 1,2 and 4, the observed level of crosstalk increased to -40 dB as shown in fig. 5.9b. 

Similar results were found with different combinations of the above measurement. This 

crosstalk was confirmed to be optical or electronic in origin since, by disconnecting the last 

sensor coil whilst a tone was applied to this sensor, the crosstalk signal was found to disappear. 

Since the same level of crosstalk was found on all sensors, this indicates that the cause is likely 

to be the finite extinction ratio of the AOM which causes a low level of continuous light to leak 

into the array. 

Crosstalk between sensors in adjacent array modules will occur due to insufficient suppression 

of adjacent channel power by the tunable filter, as discussed in sec. 5.4.2. The worst case was 

set-up by ensuring the heterodyne signals from both array modules arrive at the photodiode at 

the same time, as shown in fig. 5.7(a) and (b), and by optimising the visibility of each 

heterodyne pulse using a polarisation controller on the launch fibre. The array to array crosstalk 

was measured by applying a1 kHz tone to all four of the sensors in array module 2, to give a 

modulation depth of 1 rad, and observing the outputs of the corresponding four sensors in 

array module 1. The signal applied to one of the array module 2 sensors is shown in fig. 5.10, 

along with the measured outputs of the array module 1 sensors. The measurement bandwidth 

was 2.97 Hz. There is a signal visible on the output of sensor 3 which sets the crosstalk level to 
be -76 dB, taking into account the measurement bandwidth. By slightly detuning the tuneablc 
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filter such that the suppression of the adjacent wavelength is reduced, the crosstalk signal at 1 

kHz was found to increase, confirming that the array to array crosstalk includes this 

mechanism. 
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Figure 5.10: Array-array crosstalk 

It is straightforward to show that the array-array crosstalk is determined by the adjacent channel 

suppression of the WDMLJX, by measuring the optical spectrum of the signal before and after 

the tuneable filter (points marked A and B in fig. 5.4). This is shown in fig. 5.11. The received 

signal consists of three wavelengths, two of which carry TDM signals (1551.68nm and 
1553.36nm) and one at 1554.93nm, on a background of laser and amplifier amplified 

spontaneous emission (ASE) (upper plot in fig. 5.11). When the pass-band of the tuneable filter 

is centred on the wavelength at 1553.36nm, the adjacent TDNI channel at 1551.68 nm is 

suppressed by 37 dB (lower plot in fig. 5.11). This corresponds to 74 dB in the electrical 
domain, which agrees closely with the observed level of crosstalk. 
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Figure S. 11: Optical spectrum at input and output of the tuneable filter 

Referring to fig. 5.10, a difference of 9 dB was observed in the noise floors from sensors in 

array modules 1 and 2. An independent calibration of the hydrophone responsivities showed a 
difference of 9 dB between the sensors used in each array module. This would imply that the 

phase resolution in this experiment was limited by ambient acoustic noise in the laboratory. 

5.6 System Model: Signal Resolution and Dynamic Range 

We now consider the pressure resolution and dynamic range of a hydrophone incorporated 

into the architecture described above. By considering the sources of noise in the system, the 

phase resolution of the interferometer and hence the pressure resolution of the hydrophone 

can be determined. By also considering the maximum signal that can be faithfully measured and 
demodulated, the dynamic range can be determined. The relationship between the sensor phase 
resolution as a function of the number of sensors in an array is shown and the theoretical 

performance of a hydrophone incorporated into this type of array is determined. 

5.6.1 Maximum signal 

The maximum measurable signal is determined by the available bandwidth that the phase 

modulation sidebands have to occupy and this is dependent on the degree of time multiplexing. 
To determine the maximum signal, we use the same approach as that taken in [5.25]. In the 
TDM scheme, the received signal from a single sensor consists of a burst of modulated IF of 
frequency f, and pulse width, w, which is repeated at a frequency, f,,,. For the case where 

fc » f1ep, the spectrum of this signal is as shown in fig. 5.12. The bandwidth available, AB , 
for the phase modulated signal to occupy is also shown to be equal to fnP. 

-155- 



S -Large scale multiplexing of fibre-optic interfemmetric sensors using TDM and DWDM 

fiep 

Carson's rule states that for sinusoidal angular modulation, the bandwidth occupied by the 

signal is equal to twice the sum of the peak frequency deviation, fpk 
, and the modulation 

frequency, fm, [5.26] 

AB = 2(f¢k + fm) (5.9) 

For a sinusoidal modulating function, O(t) equal to Oo cos(2. r f, j) , the peak frequency 

deviation, f 
pk , 

is given by, 1d O(t) such that, 
2, t dt 

1 fpk 1- oofmod ý5.10ý 

Therefore, the maximum modulation depth, c�., that can be accommodated by the available 
bandwidth, f, P, 

is given by equating (5.9) and (5.10) and using (5.5) such that, 

c 
-1 (5.11) ßn1 

ý 
f� 4nffl(N+1) 
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From this, the maximum bandwidth limited signal can be determined. For example, if N =8, 

1=80m, neff =1.465 and fm =1 kHz then 0,,. -68 rad which occupies a bandwidth of 

t%B -139 kHz. In practice, the maximum signal may be limited by the performance of the 

demodulation electronics; for example, the dynamic range and linearity of the frequency 

discriminator. It is thus necessary to design the demodulator such that the bandwidth limited 

dynamic range is achieved. By applying digital techniques to the demultiplexing and 

demodulation process, it is possible to improve both the electronic phase resolution and 

dynamic range over that achieved by analogue devices. It is straightforward to implement a 

fringe counter in the demodulation algorithm that allows unambiguous phase measurement 

greater than 2, r [5.27]. The simplicity of the digital demodulator also significantly reduces the 

cost of the demodulation electronics for large multiplexed arrays. 

5.6.2 Interferometric phase resolution 

The interferometric phase resolution for the system can be determined by calculating the IF 

power to noise power ratio or carrier-to-noise ratio (CNR) after the heterodyne pulse has been 

gated and band-pass-filtered. This is then equated to the phase resolution, 5gmi, by assuming 

the noise level is a small-signal phase modulation and deducing the ratio of the carrier power to 

the power in the first modulation sideband. The carrier power is given by the mean-square of 

the ac component of (5.3) multiplied by the duty cycle, D, and the pre-amplifier gain, GPn 

such that the CNR is, 

2(RVP, DGPºe)2 4Z 
CNR =- fý (5.12) 

l, "Y min 

where P, is the power returned from a single reflector at the input to the pre-EDFA and 72 is 

the noise power. 

The value of i. 2 contains contributions from the following; (i) laser relative intensity noise; (d) 

laser frequency noise; (iii) RF oscillator phase noise; (iv) detector thermal noise; (v) signal shot 

noise; (vi) signal-spontaneous beat noise; (vv) spontaneous-spontaneous beat noise; and (viii) 

spontaneous-shot beat noise; where the last three noise terms are due to the amplifier 
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spontaneous emission (ASE) generated by the pre-EDFA. We assume that the ASE added by 

the power-EDFA is negligible. 

To allow comparison of the magnitude of each noise source it is useful to convert each one, 

using (5.12), into an equivalent phase noise. By assuming each noise source is statistically 

uncorrelated, the sum of the square of each noise source is then calculated to determine 80min 

Intensity noise from the laser induces amplitude modulation of the optical signal, causing the 

RIN spectrum to appear as amplitude modulation sidebands around the carrier. The equivalent 

phase noise contribution due to RIN is thus, 

SoMser 
R�v = RIN(f) (5.13) 

Laser frequency noise is quantified by assuming that the interferometer path imbalance is 1m 

and plotting a best-fit line through the phase noise spectrum of the laser, shown in fig. 5.6. The 

phase noise amplitude, in rad. Hz-"', due to the laser frequency noise can then be expressed as, 

5o, 
e, _freQ =112 x 10-6f-0.61 

15.14 

over the frequency range of 10 Hz to 1 kHz. A 1m fibre path imbalance is representative of the 

accuracy to which the sensor fibre lengths can be matched in practice. 

The RF signal that drives the AOM will impose sideband noise on the optical signal. Oven 

controlled clock oscillators can achieve a CNR of 105 dB. Hz'112 at 1 0Hz and 110 dB. Hz'1"2 at I 

kHz [5.29]. We take the oscillator noise So,,, to be 8 trad. Hz'112 

The detector thermal noise current is determined by the value of the load resistance, RL, and is 

given by, 

Z 4kTAf 
1= :hR (5.15) 

L 

where k is the Boltzman constant and TT is the effective noise temperature of the amplifier. 
The value of RL is chosen to be high enough to give sufficient gain to the photocurrent but 
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low enough to allow sufficient dynamic range to be available for the carrier signal to occupy 

without distortion. (5.15) can be expressed in terms of an equivalent phase noise, thus, 

1 -kT 

RVDP, G 
,ý4R 

ýf 
(5.16) 

P 

Photon shot noise generated on detection is given by, 

s;, = 2ei(t)Af = 4eRDPýGpreEf (5.17) 

where e is the electron charge, Af is the measurement bandwidth and the average 

photocurrent, i(t), is taken from (5.3). The signal-spontaneous, spontaneous-spontaneous and 

spontaneous-shot noise currents (assumed to be white in spectral shape) are given by (5.18), 

(5.19) and (5.20) respectively [5.28], 

z_ 4(el7GP. 
e)2FDP, 

Af 
is. sp by (5.18) 

m 

1P_sp =(e77GpreF)20vop, Of (5.19) 

iz isp_sh = 2e 77GP, eFAv0 , IXf (5.20) 

where 27 is the detector quantum efficiency, F is the pre-amplifier noise figure, h is the Planck 

constant, v, � 
is the optical frequency, R= e77 / hvm and A vom, is the optical bandwidth. By 

inspection of (5.17), (5.18), (5.19) and (5.20) it can be seen that i 
$P'-$P >> i p_, 

h by a factor of 

0.5llGpreF and i; Sp »2h by a factor of 7lGp eF , thus t Pand is can be neglected. I Sp SP 

and is 
s, can be re-expressed in terms of an equivalent phase noise such that, 

. 86 hvF 
T SP-sp VPr D° 

v°Pt °f (5.21) 
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sos-SP -VPD (5.22) 

When a hydrophone is placed in the ocean, the background acoustic noise will contribute to the 

total noise. This has been empirically determined for the quietest sea state referred to as deep 

sea state zero (DSSO) [5.30], such that the root-mean-square amplitude of pressure fluctuations, 

in Pa. Hz 1"2, can be approximated by, 

SPDSS O=3.1 x 10"2 f -0*83 (5.23) 

where f is the acoustic frequency. The phase noise generated due to sea state, SoDsso is thus 

determined by the hydrophone responsivity, r, measured in rad. Pa'. 

The acoustic pressure resolution of the hydrophone can thus be calculated for the two cases 

limited by: (ii) the sensor self noise and (ii) self-noise and ambient acoustic noise in the ocean 

using (5.24) and (5.25) respectively, . 

SOselj = (solaser-R1N + Sola2 22 
ser- freq 

+ Soosc + 80,21 + lSY'sp-sp + CS(Ys-sp)-ll2 55.24) 

SY'ambienr = (Uo1aser-RIN + 15olaser-freq + 802 + s'l'th + 80 
p-sp 

+ s0s-sp + 80DSS0)-I/2 5.25) 

5.6.3 Sensor pressure resolution and dynamic range 

It is now necessary to determine the received optical power, P, 
, at the input to the pre-EDFA, 

since this will determine the sensor phase resolution. P, will be a function of the number of 

hydrophones in the array and the launched power, P,. P will be determined by the large signal 

gain characteristics of the power-EDFA. The pre-amplifier used in the above experiment has 

been characterised for large signal gain and the result will be used for the following analysis. Fig. 

5.13 shows the variation in gain with input power for this amplifier. The EDFA will respond to 

the average total input power. thus to calculate the launched power, the total average input 
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power is calculated and fig. 5.13 is used to determined the gain provided. The average launched 

power is then converted to peak power launched per wavelength. 
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Figure 5.13: Input power versusgain for the power amplifier used in the analysis 

We will assume the TDM architecture is that shown in fig. 5.2 and hence the IL of this array 

module is, 

ILQ,,, _ 
(1 

16 
t )2 

(5.26) 

where cl is given by (5.2) and the factor of 16 arises due to the three telemetry couplers shown 

in fig. 5.2. The insertion loss of an array for architecture 1 or 3 can thus be expressed as, 

ILa = y(m+>) IL. (5.27) 

and the input power to the pre-EFDA, P,, is then given by ILaP. The number of sensors in 

an array is given by 4Nm. Fig. 5.14 shows the variation of phase resolution (due to sensor self 

noise) with the number of sensors in the array and the variation in received power with number 

of sensors. Here we have taken V =0.5, F=2.5, R =1A. W 1,2 =1550nm, D=1/36, N =8, 

Ov0P, =98GHz , Af =1Hz, ß =0.5dB, y=1.5dB, RL =1.28x103SZ, neg. =1.465 and 
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Te =600K which are considered representative values for a practical system. The peak input 

power to the power-EDFA is taken to be 2mW per wavelength. 
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Figure 5.14: Variation of phase resolution nth number of sensors 

Each consecutive point on the graph corresponds to an increase in the number of sensors by 

32 and hence an addition of one extra wavelength. Thus, 512 sensors require 16 wavelengths; at 

a spacing of 1.6nm these can easily be accommodated within the Et" gain window. 

It is now possible to determine the pressure resolution and maximum bandwidth limited signal 

of a hydrophone incorporated into this architecture. This is shown in fig. 5.15 for an array with 

m =6,1=80m and r =0.31 rad. Pa' and hence 192 hydrophones, for the cases of the sensor 

limited by self-noise and ambient acoustic noise. With this value of hydrophone responsivity, 

the in-water hydrophone is limited by self-noise above 2 kHz and ambient acoustic noise below 

2 kHz. The dynamic range is given in fig. 5.16 for both cases. 
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Figure 5.15: Minimum and maximum detectable pressures 

In a practical system, the hydrophone responsivity is chosen to be low enough such that the 

reduction in low frequency dynamic range, due to the ambient acoustic noise, is minimised. 
However, it must be high enough such that the required pressure resolution at higher 

frequencies is achieved. If the hydrophone is self-noise limited, it exhibits a dynamic range 
between 110 dB and 176 dB up to 10 kHz. This is reduced to between 110 dB and 130 dB 

when the hydrophone pressure resolution is limited by ambient acoustics. 
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We now consider the relative magnitudes of each noise source to determine the most 

significant. The magnitude of each noise source is given in table 5.3, calculated using the design 

parameters stated above for arrays with 192 and 384 sensors at a frequency of 500Hz. 

Table 5.3: Magnitude of each noise source for an array with 192 

and 384 sensors at a frequency of 500 HZ 

Noise contribution 
192 384 

I trad. Hi-"2 
80: h 

0.4 3.5 

ST 7.2 72 //ýsP'sP 

$0s_Sp 14 43 

Sýj 2.5 2.5 Y'laser-fre4 

Sc'laser-RIN 44 

(50". 88 
SODSS 

0 
56 56 

5 self 
15 79 

It is shown in table 5.3 that for a 192 sensor array (self-noise only), the sensor resolution will be 

limited by signal-spontaneous beat noise from the pre-EDFA. If the array size is increased to 

384 sensors, the spontaneous-spontaneous beat noise dominates. This is due to the signal 

power dependence of the signal-spontaneous beat noise in (5.18). When the hydrophone is 

placed in the ocean, the pressure resolution will be limited in both cases by ambient acoustics. 
It is worth noting that in the above analysis it is assumed that non-linear effects due to the high 

launch peak powers (>1W) are negligible. This is valid for the case where the array link fibres 

are short («1 km) however these effects must be considered for longer link lengths. We shall 

investigate the effects of high launch powers and long link lengths in the next chapter. 

In the experimental arrangement, the phase resolution of the sensors in array module 1 was 

found to be -100 µrad. Hz-'"2 ±25% at 1.5 kHz using the data in fig. 5.10. The contribution 
from laser RIN in these experiments would limit the resolution to approximately this value 

using the data given in fig. 5.7. However, as stated above, the difference in noise floors 

obtained from the different hydrophone sensors indicates that the phase resolution was limited 

by ambient acoustics. The contributions from other noise sources would be significantly lower 
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than this. Optimisation of the laser performance would allow the sensor noise performance 

described above to be achieved. 

5.7 Conclusion 

In this paper we have demonstrated multiplexing of interferometric fibre-optic sensors using 

TDM and DWDM. An array consists of m TDM array modules each interrogated by a single 

wavelength. We have presented various architectures and demonstrated a practical 

implementation of one of the architectures. The demonstration used single-mode DFB fibre 

lasers as sources and discussed the typical performance obtainable from this type of laser. We 

have shown that these architectures can theoretically be extended to interrogate at least 192 

sensors through two fibres whilst achieving low frequency pressure resolution limited by optical 

amplifier noise with a bandwidth-limited dynamic range up to 177 dB. If the sensors are 
designed as underwater hydrophones in a sonar array, the low frequency pressure resolution in- 

water becomes limited by the ambient acoustics and the maximum effective dynamic range is 

between 110 dB and 135 dB dependent on frequency. 

These types of architecture can be adapted for any applications requiring large arrays or 
networks of sensor elements to be efficiently multiplexed. In particular, for seismic surveying 

arrays such as ocean bottom-cables, these multiplexing architectures may provide a 

considerable reduction in the weight, volume and cost of the cable. 
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Chapter 6 

EXTENDING THE FIBRE LINK LENGTH IN MULTIPLEXED ARRAYS 

USING REMOTELY PUMPED AMPLIFIERS AND SENSOR PERFORMANCE 
DEGRADATION FROM NONLINEAR EFFECTS 

Abstract: In this chapter we identify the significant nonlinear effects that will cause degradation 

of the phase resolution of sensors multiplexed in a DWDM/TDM architecture, of the type 

described in chapter 5, when a long link fibre is added. These are found to be stimulated 

Brillouin scattering (SBS), stimulated Raman scattering (SRS), cross phase modulation (XPM) 

and four wave mixing TWM). It is shown that stimulated Brillouin scattering generally sets the 

lower limit on launch powers; however, in some configurations with more than 10 wavelengths, 

the launch power becomes limited by stimulated Raman scattering. A technique involving 

staggering of the launch pulses is suggested to significantly increase the thresholds set by SRS, 

XPM and FWM. This allows us to determine the maximum permitted launch powers of the 

interrogation signals. We then present simple models to analyse array configurations 

incorporating inline optical amplifiers and remotely pumped optical amplifiers in the link fibre. 

It is shown that adding inline optical amplifiers may permit link fibre lengths around 1000 km. 

It is also shown that the link length scales inversely with the number of sensors when a 

remotely pumped amplifer is incorporated. 

6.1 Introduction 

0 ne potential application of fibre-optic interferometric sensor arrays in sonar is the 

remotely interrogated array, as described in chapter 1. In these systems, the array may 

consist of several hundred sensors that may be located several tens of kilometers from the 

interrogation electronics. Increasing the number of sensors in an array requires increasing the 
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total launched optical power, due to the increase in number of wavelengths required. In arrays 

with short link fibres, increasing the peak launched power to greater than several hundred 

milliwatts is unlikely to result in any significant degradation of the sensor performance due to 

the nonlinear response of the transmission medium. However, as the link fibre increases to 

greater than a few kilometers, nonlinear effects become increasingly important and may result 

in significant degradation of the sensor performance. 

In this chapter we shall investigate the detrimental effects on the interferometric phase 

resolution caused by nonlinear effects in the fibre link when both the launched power and link 

lengths are increased. In the interferometric sensor array, effects that may reduce the 

transmitted optical power or degrade the coherence or frequency noise of the interrogating 

optical signals are of interest. Firstly, in section 6.2 we shall consider each non-linear effect 

individually and determine its impact (if any) on these properties of the interrogating signals. 

We then apply this to the multiplexing configuration presented in chapter 5, where the launch 

and return pulses from the sensor array are carried through separate fibres. Thus, any nonlinear 

effects will occur only in the launch fibre and will affect only the launched interrogating pulses. 
In section 6.3, we determine the maximum launch powers permitted in these architectures. In 

section 6.4, we then determine the phase resolution vs. the number of sensors and link length 

for the basic DWDM/TDM architecture and show how the link length can be increased by 

incorporating inline optical amplifiers and remotely pumped optical amplifiers. Finally, in 

section 6.5, we summarise our conclusions. 

6.2 Nonlinear Effects 

In the following section we review the origin and consequence of five nonlinear effects 

observed in silica based optical fibres which are considered to be the most significant for the 
interferometric sensor application. Reviews of this type have been published for DWDM based 

communications systems [6.1-6.3] and we draw on the information provided here and from 

[6.4] and apply this to the case of the interferometric sensor application. 

Any dielectric medium will exhibit a nonlinear response when subjected to sufficiently high 

electric field strength. Fundamentally, nonlinear response arises from the anharmonic motion 

of bound electrons in the presence of a strong electric field, E. The induced polarisation, P, 

from the electric dipole can be expressed as, 
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P= co (, Z(l) E+ Z12)EE+Z(3)EEE+.... ) (6.1) 

where ro is the vacuum permittivity and ; r(') is the i`h order susceptibility (i = 1,2,3.. ). For low 

field strengths, P is related to E through the linear susceptibility, X"'. The linear refractive 

index, no, and absorption, a, can be related to the real and imaginary parts of x"'. For higher 

field strengths, higher order terms in (6.1) become significant. The inversion symmetry of the 

Si02 molecule reduces , %(2 to zero leaving the third-order susceptibility, , 
e'), which is 

responsible for nonlinear refraction, four wave mixing and second harmonic generation. Z4') in 

(6.1) gives rise to an intensity dependence of the refractive index such that, 

n= no +n21 (G. 2) 

where n,, is the linear refractive index, I is the intensity (I = e0cno IEI2) and nz is the 

nonlinear refractive index in units of m2. W 1. The linear and nonlinear refractive indices are 

related to their respective susceptibilities by, 

no I+ Re [%0 1 (6.3) 

n2 = 2n2 / eocno (6.4) 

n2 = gn 
Re [, X( (6.5) 

0 

The optical field in (6.2) is assumed to be linearly polarised such that only one component of 

the fourth rank susceptibility tensor, X ; j, contributes to the refractive index. 

Processes such as nonlinear refraction and four wave mixing (discussed below) are elastic in the 

sense that no energy is exchanged between the incident field and the medium. The medium 

merely acts in a passive role in that it mediates the processes through a nonlinear response of its 

bound electrons, which gives rise to a modulation of a physical property of the medium; in the 

case of nonlinear refraction, this property is the refractive index. These processes are generally 
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referred to as parametric processes. Processes that involve exchange of energy between the 

incident field and the medium are inelastic processes. Two of the most significant are Raman 

and Brillouin scattering which both lead to an effective power loss during transmission. We 

shall consider the impact on signal transmission of these two first. 

It is useful to define some parameters to characterise the nonlinear processes in optical fibre. 

The strength of the nonlinear process is dependent on the interaction length. In a waveguiding 

structure where the interaction length is very large, the attenuation of the signal must be 

accounted for. Thus, the effective interaction length, Le 
, 

for a fibre of length, L, and 
L 

attenuation constant, Cr, for the nonlinear process can be defined as 
jo e -""dl such that, 

-aL 

LC-1-e (6.6) 
a 

This simplifies to Le =L for aL <G 1 and Le = a-1 for aL» 1. The effective area of the 

overlapping waves, Ae , in a nonlinear interaction is given by calculating the average modal 

overlap; however, if the wavelengths of the interacting waves are similar, A, can be 

approximated to the area of the fibre core, 7ra2 where a is the core radius [6.6]. A summary of 
the fibre parameters used in the following calculations are given in table 6.1. 

-171- 



6- Extending the fibre link length in multiplexed arrays using remotely pumped ampl f ers.. . 

Table 6.1: Parameters used in calculations 

Parameter Value Unit Description 

a, (1550nm) 0.25 dB km-' Fibre attenuation 

ap (1480nm) 0.35 dB km-' Fibre attenuation 

a 4 µm Core radius 

Ae 5x10"" m2 Effective overlap area 

gR t 7x10-14 m. W 1 Raman gain constant 

g8 t 4x 10"11 m. W' Brillouin gain constant 

p 2 Polarisation factor for SBS and 
SRS 

no 1.465 Core refractive index 

net 3x10-20 m2. W-1 Nonlinear refractive index 

X11111 6X 10.14 m' J' Third-order electronic, 
susceptibility 

D, 16 ps. (km. nm)-1 GVD in SMF28 at 1550nm 

D,, 1 ps. (km. nm)"1 GVD dispersion in DSF at 
1550nm 

dD_ (, I, ) ff 0.075 ps. km 1. nni Z GVD dispersion slope at zero 
dA dispersion point in SMF28 

_ t These values correspond to a wavelength of 1550 nm and are taken from [6.3]. 
tt Measured at the zero dispersion wavelength in DSP [6.4] 

6.2.2 Stimulated Raman scattering 

Stimulated Raman scattering (SRS) is an interaction between the incident optical beam and the 

molecular vibrations of the medium. A signal photon is annihilated to generate an optical 

phonon and a second photon downshifted in frequency by an amount equal to the frequency 

of the optical phonon. The incident optical signal is usually referred to as the pump signal. 

Thus, the result of this effect is to couple optical power from the pump to a lower frequency 

signal. Due to the amorphous nature of silica glasses, the molecular vibrations are spread out 

into bands, which overlap to form a continuum. The frequency shift is therefore not discrete, 

but occupies a bandwidth of approximately 20 THz. In the absence of other signals, the Raman 

component will build up most rapidly in the region where the Raman gain is the highest. In 
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fused silica this corresponds to a downshift from the pump frequency of about 13.2 THz and is 

generally known as the Raman or Stokes shift. It can be shown that if the pump signal is 

increased above a certain threshold, this Stokes wave builds up almost exponentially. By 

assuming that the pump signal is not attenuated by the nonlinear effect, then the critical power 

required before the onset of the nonlinear process can be calculated analytically. However, if 

other signals occupy this bandwidth (such as is the case in DWDM systems) then these signals 

will experience gain due to the coupling of power from the pump signal. Assuming that the 

Raman gain spectrum exhibits a Lorentzian profile, then for the case of a single wavelength 

launched into an optical fibre, the critical power level before 50% of the pump signal is 

converted to a Stokes wave at the output of the fibre is given by [6.2], 

P, R =16 
PA` (6.7) 
LegR 

where gR is the peak Raman gain and p is a factor that takes into account the polariation of 

the pump and Stokes waves. In conventional single mode fibre, the polarisation changes 

unpredictably along the length of the fibre and it can be shown that in this case p =2 [6.12]. 

(6.7) also applies to the case of a few wavelengths occupying a bandwidth less than 13.2 THz 

launched into a fibre. In this case P, R refers to the total launched power. 

Thus, in DWDM systems SRS has the effect of causing growth in the power of the longer 

wavelength signals, at the expense of the shorter wavelength signals. As the number of 

wavelengths increases, the interaction between the zeroth wavelength and the other 

wavelengths must be considered. The critical power requirements in this case have been 

calculated by approximating the Raman gain profile by a triangular function [6.5]. For a system 

with m wavelengths at a frequency spacing, i V2 , then the critical launch power required 

before the power in the zeroth wavelength is depleted by a factor, 8, is given by, 

3X1013A pi5 PcR = 
gRLOvm(m-1) 

for the case when (m -1)A VA < 15 THz (6.8) 

PcI = 
2A`p&V2 

for the case when (m-1)Avx>15THz (6.9) 1.5x10 LLgR 
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where (6.8) applies when all the wavelengths fall within the Raman gain bandwidth and (6.9) 

applies when the total optical bandwidth occupied by the signals is greater than the Raman 

bandwidth. In this case, for a given fibre length the critical power becomes independent of the 

number of wavelengths and only dependent on the channel spacing. 

The SRS process involves amplification through stimulated emission and therefore no 

detrimental effects on the linewidth or frequency noise of these signals would be expected. 

However, some additional noise would be added to these signals due to spontaneous Raman 

scattering and double Rayleigh backscattering. It is useful to recall that SRS arises from a third 

order nonlinear susceptibility, which has a time constant in the femptosecond range (due to the 

short lifetime of the optical phonon). SRS is essentially an instantaneous effect compared with 

the pulse repetition rates and is thus the same for both pulsed and CW systems. It also generally 

dominates in the forward direction (i. e. co-propagating with the pump). 

6.2.3 Stimulated Brillouin scattering 

Stimulated Brillouin scattering involves an interaction between an optical pump wave, the 

Stokes wave and an acoustic wave. The pump wave generates acoustic waves through the 

process of electrostriction, which itself causes a modulation of the refractive index. Pump light 

is then scattered by Bragg diffraction and downshifted in frequency due to the Doppler shift 

generated by the travelling acoustic wave. From a quantum mechanical viewpoint, a photon at 

the pump wavelength is annihilated to produce an acoustic phonon and a second photon, 

which is downshifted by a frequency equal to the frequency of the phonon. Unlike SRS, SBS 

dominates in the reverse direction, and covers a bandwidth of approximately 20 MHz in silica 

(although the exact bandwidth depends on fibre geometry and composition). The gain 

coefficient for SBS is also around two orders of magnitude larger than for SRS, hence it is 

generally a more significant effect. The critical power before significant Brillouin scattering 

occurs can be derived in a similar way to that for Raman scattering. In DWIDM systems, the 

wavelength spacing will be much greater than the Brillouin bandwidth, and as a result the 

critical power is independent of the number of wavelengths. It was shown in [6.2] that the 

critical launched power required before significant power is coupled into a Stokes wave is given 
by, 

-174- 



6- Extending the frbre link length in multiplexed arrays using remotely pumped ampl f err.. . 

Pce _ 
21 pAe (6.10) 
B8Le 

The narrow bandwidth of Brillouin gain is due to the longer lifetime of the acoustic phonon 

(compared with the optical phonon associated with Raman scattering). This also results in the 

critical power being strongly dependent on both the modulation format and linewidth of the 

source [6.2]; thus, (6.10) only applies for cw signals. In the interferometric sensor array, the 

source linewidth may be less than 10 kHz and is unlikely to affect the Brillouin gain efficiency. 

However, the pulsed nature of the interrogating signals, will increase Pce by a factor of (2D)-ß 
, 

where D is the duty cycle (where the factor of two applies to two launch pulses). 

6.2.4 Self-phase modulation and cross phase modulation 

The intensity dependence of the refractive index gives rise to two nonlinear effects; self-phase 

modulation (SPM) and cross phase modulation (XPM). Fluctuations in the intensity of the 

optical signals will thus give rise to fluctuations in the optical phase of the signals, which using 

(6.2), can be expressed as, 

O= nokL+ nZkILL (6.11) 

where k=2 . 
A-1 and I is the optical intensity which can be approximated to PA. -1 [6.6]. It 

can be shown that for multiple wavelengths, the phase-shift for the 0 channel is given by [6.4], 

7"ýjNL __ 
nkLe P+2ZPn (6.12) A A, 

nai 

The first term in (6.12) is responsible for SPM and the second for XPM. It is interesting to note 

the factor of two in the second term which indicates that the affect of XPM is twice that of 

SPM for a given power level. In interferometric fibre optic sensors, the result of SPM and XPM 

is to convert intensity noise from the source into phase noise. We assume that the intensity 
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noise of each source is equal and uncorrelated and power is divided equally between the 

wavelengths. We consider the case of two rectangular optical pulses launched into the fiber and 

assume the intensity noise to be uncorrelated on time scales equal to the pulse separation; this 

thus represents the worst case. Then, if the variance of the intensity fluctuations is (8P2) 

denotes time average), where the power spectral density of the intensity fluctuations is related 

to the RIN by, SaP (f) = P2 " RIN(f) (as defined by (7.7)) then the nonlinear induced phase 

noise is, 

SO PM (. f ). = 6Ä `P RIN(f) (6.13) 

for SPM and, 

I 

060XPM (f) =6 
2kfAL`P 

RIN(f) ý (6.14) 

for XPM. The factor of 5/6 in each equation accounts for the randomly changing polarisation 

in standard fibre [6.6], which is different for the cases of Raman and Brillouin scattering. In 

polarisation preserving fibre this factor should be neglected. 

6.2.5 Four wave mixing 

Four wave mixing (FWM), as its name implies, involves the mixing of three waves to produce a 
fourth. It arises due to the same nonlinearly that produces SPM, XPM and SRS; the third order 

susceptibility. FWM has been studied extensively for its impact on optical communication 

systems [6.8-6.9]. In the case of DWDM systems where the wavelength spacing is constant, it 

results in the generation of new waves where some correspond to existing frequencies. This has 
been shown to lead to significant crosstalk [6.10]. We can gain a qualitative understanding of 

the process of FWM by considering the case of three primary waves of frequencies, f i, fj and 

fk where i#j#k. FVUM will produce secondary waves at frequencies given by 
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fk= fr + fj - fk as illustrated in figure 6.1. Some of the secondary waves will have the same 

frequency (i. e. 1123 = f2� = f�Z) which results in three times as much power being generated at 

this frequency. 

f123, f112, 
f213 

4 

f113 
  

Af Af 

f223 

f132, 

f312 

f231, f332, 
f321 

1 

f331 f221 

fl f2 f3 
Figure 6.1: Frequency mixing products of FW/M 

The power in an individual secondary wave can be expressed by [6.8], 

zjk _ 
10247r6 ý6. Z'iii 

z 

iý2 7` PPjP; e -L (6.15) 
o4 

where Z(3) j,,, is the third-order electronic susceptibility, Pjk are the powers in the incident 

waves and 17 is the efficiency of the nonlinear process (the factor of 6 in (6.15) should be 

replaced with 3 if only two primary waves are present). For maximum efficiency, the primary 

waves must remain phase matched to the secondary waves; however, in dispersive media, the 

secondary waves will gradually become out of phase with the primary waves, resulting in energy 
being coupled back into the primary waves. An expression for n has been derived in [6.11], 

P; k(L__Q) _ 
a; 1+ 

4e_«" sine (O, BL/2) 
17 

P., k(L, Aß=O) a; +Dß2 , r. 
2 (6.16) 

where Aß is the propagation constant difference between the waves and is given by, 
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2ýZ ý2 
0, ß = 

OVik &Vjk D, + 
2c 

(i 
Vik +O Vjk)dD 

(dýAk) 
(6.17) 

where DD is the group velocity dispersion (GVD) at A and AV.. is the primary wave's 

wavelength spacing. Away from the zero dispersion point, the second term in (6.17) is 

negligible. It is useful to determine the efficiency of FWM in both SMF28 (DD -16ps. (km. nm)"') 

and dispersion shifted fibre (DSF) (DD -1 ps. (km. nm)"') at A =1550nm and this is shown in 

fig. 6.2, computed from (6.16) and (6.17). 

1 

0.8 

0.6 
11 

0.4 

0.2 

0 

Channel spacing Of, GHz 
Figure 6.2: Efficiency of FWM process as a function of wavelength separation (assumes LL =ä) 

Thus for a wavelength spacing of 100 GHz, the efficiency of FWM is 1% for DSF and less 

than 10"x% for SMF28. In general for large wavelength spacing, FWM is only significant 

between a wave and its two nearest neighbours (due to the phase matching requirement). Thus, 

a reasonable estimate of the impact on primary wave depletion by FWM would be given by 

determining the critical power for which a primary wave is depleted by an amount, 8, using 

(6.15). 

6.3 Nonlinear Effects in Interferometric Sensor Systems 

We can now determine the restrictions imposed on the launch powers due to the nonlinear 

effects described above for a typical interferometric sensor array. In a communications system, 

nonlinearities will result in a degradation of the bit-error-rate (BER) and this can be quantified 
in terms of a power penalty (i. e. the reduction in power required to give the same increase in 
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BER). In a sensor array, optical nonlinearities will result in a reduction in the phase resolution 

of the sensor. In the case of SPM and XPM, (6.13) and (6.14) can be used to determine the 

critical power, above which a set level of phase noise will be added to the signals. For 

calculations here we take this level to be 10 µrad. Hz"1"2. However, SBS, SRS and FWM will only 

cause a reduction in phase resolution if the sensor phase resolution is limited by optical power 

level (which is not always the case). Otherwise, they will merely cause power to be lost to 

nonlinearity on transmission through the link fibre. SBS causes significant depletion of the 

pump wave above a threshold given by (6.10). For SRS and FWM we shall determine the 

critical power required before 0.5 dB is lost to nonlinearity. The pulsed nature of the 

interrogation signals need only to be taken into account for SBS where we include the factor of 

D-1 in the right hand side of (6.10) where D is the optical duty cycle (corresponding to a 

single launch power). 

Shown in fig. 6.3(a) is the critical power level for each nonlinearity for the case of an array link 

fibre greater than 50 km and a channel separation of 100 GHz. It can be seen that only SRS 

and XPM are dependent on the number of channels. XPM is plotted for the cases of a laser 

source RIN equal to -120 dB Hz' and -140 dB Hz"'. In the latter case, SBS limits the launch 

power to around 100 mW for m <10 and SRS limits it for m >10. The same plot for a channel 

spacing of 200 GHz, is shown in fig. 6.3(b). The thresholds for XPM and SBS remain 

unchanged, however the threshold for SRS decreases and for FWM increases. In the case of 
SRS, increasing the channel spacing moves adjacent channels nearer the peak gain of the 
Raman spectrum (-13.2 THz) thus the amount of SRS for the same optical power increases. 
The threshold for FWM increases as the channel spacing increases due to the reduction in the 

efficiency associated with increased channel spacing (due to (6.16)). The threshold of SRS 

follows a m-1 slope for low m (due to (6.7)) and an m-2 slope for higher m (due to (6.8)). 

The XPM threshold falls with a m-112 slope (due to (6.14)). 
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Figure 6.3: Critical power level for each nonlinear ject, (a) 0 v2 = 100 GHZ and (b) A v, =200 GHZ 

Here we take A= 1550nm, D =1 /36, L >50km, 5 =0.5dB, Cr, =0.25 dB. km-'. XPM threshold 

corresponds to 10 pradHZ'11 

-180- 



6- Extending the fibre l nk length in multiplexed arrays using remotely pumped amplifiers.. . 

Another effect that will generally cause an increase in the threshold of some of the nonlinear 

effects described above is that due to group velocity dispersion. To determine the threshold 

powers for SRS, XPM and FWM it is assumed that the pulses arrive back at the same time. In 

practice GVD will cause the pulses to "walk-off" one another as they propagate through the 

fibre. For SMF28 fibre, the GVD parameter is -16 ps. (km. nm)-' which will cause two pulses 

spaced by 26 nm (corresponding to 16 wavelengths spaced by 200 GHz each) to "walk-off' by 

-33 ns over a fibre length of 80 km. Typically, pulse widths are between 100 and 500 ns in 

length and thus this effect will generally be relatively small. 

6.4 Determining the Maximum Fibre Link Length for Interferometric Sensor Arrays 

With a DWDM/TDM Multiplexing Architecture 

Having determined the maximum launch powers, the relationship between the number of 

sensors, phase resolution and link fibre length can be determined. We shall first consider the 

architecture presented in the example in section 5.6 and a schematic of this array is shown in 

fig. 6.4. The array is characterised by its insertion loss, ILa (m) 
, which is a function of the 

number of wavelengths, m. This architecture contains a single power amplifier to boost the 

launch powers and a single preamplifier, after which wavelengths are separated using an optical 
filter. Optical amplifiers will provide gain to compensate for the loss due to an extended link 

fibre or an increased array size. However, each optical amplifier will also add noise to the signal, 
in the form of amplified spontaneous emission (ASE). As a result, the improvement in phase 

resolution due to the optical amplifiers does not scale with the cumulative gain of the 

amplifiers, but is dependent on both the cumulative gain and ASE power in the received 

signals. Indeed, the phase resolution in most systems with multiple optical amplifiers or a 

preamplifier is usually limited by ASE noise. A measure of the relative amount of ASE power 

to the signal power is given by the optical signal-to-noise ratio (OSNR). We shall later introduce 

the concept of total noise figure of a system, which allows us to quantify the ASE power 

generated in a system of multiple optical amplifiers. 

However, we can simplify the analysis for the configuration shown in fig. 6.4, by noting that the 
OSNR at the output of the power amplifier will generally be very high compared with the 
OSNR at the output of the preamplifier. Thus, we neglect the ASE added in the power 

amplifier and assume that the input signal to the preamplifier is limited by shot noise; therefore, 
the ASE noise generated in the detector is due only to the preamplifier noise (we also made this 
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assumption in the analysis of sec. 5.6). We can increase the launch powers to just below the 

limits set by nonlinearity (assuming a link length of 50 km), as shown by the dotted line in fig. 

6.3(a). 

mDPi,, mpn 

L 
G,. e G, 

L 
IL. (M) 

Optical 

nn k, n I'nfilter 

nn XZ nFM*n 

Figure 6.4: Remote array configuration with link fibre (case 1) 

By including the extra attenuation from transmission in the link fibre, the phase resolution 

versus the number of sensors for link lengths, L, of 1,10,20 and 40 km is shown in fig. 6.5. 

Thus, a link length of 40 km will only allow around 32 sensors to be interrogated and achieve a 

phase resolution of less than 100 µrad. Hz1'2. Reducing the link length to 20 km increases this 

to around 160 sensors. The limits imposed by nonlinearity shown in fig. 6.3 correspond to 

L >50 km. When L «50 km, the threshold powers will generally increase, thus the launch 

powers can be increased correspondingly. This would improve the phase resolution shown in 

fig. 6.5, when the number of sensors is greater than 32 and L «50 km. 
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Figure 6.5: Phase resolution vs. number of sensors (case 1) 

500 

A technique to increase the nonlinear threshold is to stagger the launch pulses, as illustrated in 
fig. 6.6. Using this technique, the instantaneous total power can be reduced by up to a factor of 
m. This can be achieved in practice by using a combination of a wavelength demultiplexer, a 

series of delay coils and a wavelength combiner. In our example the total peak power is twice 

the peak power in a single wavelength; however, by increasing the delays further this could be 

reduced to the peak power in a single wavelength. The thresholds of the nonlinear effects are 

now as shown in fig. 6.7. In this case, when the laser RIN is -140 dB. Hz'1, the nonlinear 
threshold is set by SBS at -100 mW and is independent of the number of wavelengths when 
m >2. The parameters used in these calculations are the same as that used to derive fig. 5.14. 
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Figure 6.6: Staggered launch pulses (case 2) 
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The increase in the threshold level for m >2 due to the staggered pulse scheme allows higher 

optical powers to be launched per wavelength. Thus, increasing the launch powers of each 
wavelength to the SBS limit yields the corresponding graph to fig. 6.5, which is shown in fig. 
6.8. To generate this graph, the launch powers were calculated using (6.10) to determine the 
SBS power limit as a function of the link length. 
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Figure 6.8: Phase resolution vs number of sensors x th staggered launch pukes (case 2) 

The scheme still only allows around -32 sensors to be interrogated over a 40 km link while 

achieving a phase resolution of 100 µrad. Hz''"2, however reducing the link length to 20 km 

increases this to -288 sensors. 

In this configuration, the array size and link length are limited by the SBS power threshold (if 

the laser RIN is assumed to be -140 dB Hz-1). A common technique used in optical 

communication links to increase the SBS threshold is to broaden the launch signal linewidth 

[6.19]. When the signal source is singlemode, the efficiency of SBS is proportional to the ratio 

of the SBS linewidth and the signal linewidth, i. e. A vses /0V, When A v, >0 vses [6.11. In the 
interferometric sensor application, the linewidth of the laser source is generally much less than 
Avses although a pulsed source effectively broadens the launch signal linewidth. A multimode 

source with a mode spacing greater than 0 vsBS would also reduce the SBS threshold by an 

amount proportional to the number of modes. A technique based on high frequency phase 

modulation of the launch signal demonstrated a significant increase in the SBS threshold [6.13]. 
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The launch signal thus consists of a series of modulation sidebands spaced by a frequency equal 

to the modulation frequency and with an amplitude dependent on the modulation depth. In 

terms of signal spectrum, it thus resembles that obtained from a multimode laser. It was found 

that for a cw signal launched into a fibre with an effective length of 9.1 km, the SBS threshold 

(with no modulation) was found to be 5.5mW (this agrees remarkably well with a PCB =5.8mW 

predicted by (6.10)). With modulation applied, the threshold was increased to well above 20 

mW. It was also found that the intensity noise of the signal in transmission increased 

significantly when the SBS threshold was exceeded, although no explanation was given to 

explain this effect. Interrogation of fibre interferometers with multimode laser sources limits 

the available interrogation techniques and is generally not compatible with multiplexed systems. 

6.4.2Adding inline optical ampli serf to the link fibre 

In the example given in section 5.6, we calculated the phase resolution achieved by sensors in 

an array with a short link fibre, a power amplifier and a preamplifier. In this case, the sensor 

resolution was primarily limited by signal-spontaneous (s-sp) beat noise for received peak 

powers of greater than -1 µW and by spontaneous-spontaneous (sp-sp) beat noise for received 

peak powers less than -1 µW, generated in the optical preamplifier (see table 5.3). For the 

analysis we assumed that the input optical signal-to-noise ratio (OSNR) to the preamplifier was 
limited by shot noise and the phase resolution of a sensor was optimised by increasing the 
launch powers to just below the limit imposed by nonlinearities in the transmission fibre. We 

now consider the increase in link fibre length provided by in-line repeater type optical 
amplifiers, which are placed periodically along its length. A typical system configuration is 

shown in fig. 6.9. 

Average input 
power 

mDP.. mDPi,, mDP.. MPj" MP,,, MP,,, 

G, G, 

optical 
filter 

Figure 6.9: Array configuration with inline optical amplifiers incorporated 

periodically along the link fibre (case 3) 
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The system consists of 2j optical amplifiers spaced a distance L apart, each with a gain, G,, 

and noise figure, F, , where i =1,2,3... 2j. The array is situated after the jth amplifier and is 

characterised by an insertion loss, ILa (m) , which is a function of the number of wavelengths, 

m. The aim is to determine the optimum spacing of the amplifiers and the interferometric 

phase resolution. Analysis of this type of configuration for a multi-wavelength coherent 

communications link has been presented in [6.14]. This work showed that providing the total 

input powers to the link were within a certain range, with a lower limit set by the required BER 

and an upper limit set by the output saturation power of the amplifiers, then a virtually 

transparent optical link could be realised, with a noise figure set only be the cumulative ASE 

power from each amplifier. We can use the simple design rules presented in [6.14] and in 

sec. 2.13 to analyse the interferometric sensor array configuration shown in fig. 6.9. 

Firstly, we make a set of simplifying assumptions: (i) the input OSNR to the first amplifier is 

limited by shot noise; (fi) the gain of each amplifier is equal to the transmission loss of the fibre 

length following it, such that G= T-1, where T= exp(-a3 L) 
, and the input power to each 

optical amplifier is the same; (iii) the power levels are sufficiently high, such that s-sp beat noise 
dominates the electrical CNR; (v) the optical amplifiers operate in their small-signal regime, 

thus the gain of the amplifiers is not depleted significantly by the buildup of ASE; and (v) the 

power levels thoughout the system are sufficiently low such that nonlinear effects are 

negligable. 

Although the large bandwidth (-35 nm) available in standard EDFA's make them ideal for 

multichannel amplification, certain properties of the erbium gain medium complicate the design 

of a multi-amplifier system, as discussed in sec. 2.13.5. The characteristic emission spectrum of 

erbium at full inversion results in a wavelength dependent gain [6.15]. Thus, in multi-amplifier 

systems, some channels are amplified more than others and the difference in power per channel 
increases with the number of amplifiers. Operating the amplifier in saturation, either by 

increasing the total input power or reducing the pump power, results in a reduced inversion 

towards the end of the doped fibre and this has the effect of flattening the gain spectrum, due 

to the increased absorption at the short wavelength part of the spectrum. However, this 
imposes strict limits on input power and may result in increased noise figure if the input powers 
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are too high. An alternative method is to incorporate gain flattening filters [6.15], which gives 

rise to a flat gain profile in the small-signal regime of the amplifier. 

For the following analysis, we shall assume that the amplifiers are gain flattened in their small- 

signal regime, so that the dependence of G on the wavelength is minimised. Since the insertion 

loss of the array is dependent on the number of wavelengths and will exceed the transmission 

loss of a fibre span between amplifiers, the gain of amplifier j shall be increased to 

compensate. We show by example that this suggestion is practical. For the array configuration 

example given in section 5.6, ILa(m) is plotted against m in fig. 6.10. If the small-signal gain of 

each amplifier except amplifier j is 20 dB, then the amplifier spacing, L, (L = -a, -' In G) must 

be 80 km. The insertion loss of the array defines the transmission loss of a single pulse 

launched into and returned from an array. However, the return signals from the array are quasi- 

cw signals in the form of fully populated TDM pulse trains. Thus, the peak power returned 

from the array now defines the average input power to the optical amplifiers. This is taken into 

account by defining the insertion loss between amplifiers j and j+1 to be ILa(m)D-1. The 

required gain of the amplifier preceding the array is shown on the right hand axis of fig. 6.10. 

Thus, with 16 wavelengths an amplifier gain of 44 dB is required to compensate for the array 

insertion loss. This gain can be provided by a dual stage amplifier, such as the one 

demonstrated in [6.16] which achieved 54 dB of gain with a noise figure of 3.1 dB. 
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Figure 6.10: Array insertion loss versus the number of wavelengths 

The input signal to the array comprises two optical pulses on a background of cw ASE power. 
The output of the array comprises the pulses corresponsing to each sensor and the ASE. 

However, the architecture of the array will cause the ASE power falling within a return sensor 
pulse time slot to be multiplied by the total number of return paths. In the case of the 

reflectometric architecture, this is equal to the number of mirrors. To account for this effect, 

we can calculate the total ASE power generated in the configuration shown in fig. 6.9. 

Assuming the gain of amplifier j is increased to compensate for the difference between the 

array insertion loss and inter-amplifier span loss, then the total ASE power per unit bandwidth 

at the input to the array is, 

(j -1) PAsETG +P SE (6.18) 

where T= exp(-a, L) and P sE is the ASE power generated by amplifier j. The total ASE 

power per unit bandwidth at the input to the optical filter is therefore, 

-D L 
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PÄSE = [(j -1) PAsETG + 1E] ILa (m)4(N + 1) + jTPASE (6.19) 

and we use (2.95) and (2.70) to determine the s-sp beat noise induced phase noise. The phase 

noise due to s-sp beat noise from the concatenated amplifiers is plotted as a function of link 

length in fig. 6.11 taking the noise figure of each amplifier, F, to be 5. This scheme essentially 

maintains a constant average power at the input to each amplifier and the ASE level gradually 

increases, as more amplifiers are included. Thus, from fig. 6.11, providing the average input 

power per wavelength to the amplifiers is maintained at 10 µW throughout the system, then the 

phase noise due to s-sp noise will be less than -30 µrad. Hz t'Z for link lengths up to 1000 km. 

The dotted lines in fig. 6.11 show the phase resolution obtained if the multiple ASE paths in 

the array are not accounted for. 
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Figure 6.11: Phase noise due to s-sp beat noise for the array configuration shown in fig. 6.9 

In practice, the build up of ASE will deplete the gain at the expense of the signal powers and 

can be compensated for by reducing the amplifier spacing [6.17]. In systems where the utilised 
bandwidth is well below the amplifier bandwidth (i. e. mOva <35nm), optical filters can be 

placed between amplifiers to reject out-of-band ASE. The cumulative ASE power at the input 
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to the 2 j`'2 amplifier must be less than the saturation power of the amplifier (. e. EASE << P, 
', 

) 

and from (6.19) the ASE power is (i ÄSE -TPASE 
)OVoP 

, where EV0P, is the amplifier optical 

bandwidth. For the case of m =16, F =5,0vi =200 GHz, Av0P, = m0vi, j =10 and L =80 

km then PASS ^-38 µW and the amplifier must be designed to achieve an output saturation 

power - PASE + MPS . 

In this configuration, it is not necessary to stagger the launch pulses since the optical power 

levels are well below the nonlinear threshold levels. 

6.4.3 Adding remotely pumped optical amplifiers 

Including inline optical amplifiers in the link fibre would require electrical power to be supplied 

to the pump lasers. However, in order to maintain an electrically passive array, the pump light 

could be supplied from a remote laser that may be collocated with the interrogation electronics. 
In this configuration the amplifiers are referred to as remotely pumped amplifiers. Remotely 

pumped erbium doped fibre amplifiers (RPEDFA) have been used to boost transmission 
distances in optical communication links, without the need for inline repeaters and their 

associated electronics [6.18-6.21]. In these systems, the aim is to optimise the location of the 

RPEDFA's depending on available pump power, fibre attenuation and signal launch powers. 

The RPEDFA can either be configured as a postamplifier or as a preamplifier. In the former 

configuration, the amplifier would be situated near the launch end; the input power would 

generally be high and thus the amplifier would be configured with high output saturation 

power. In practice, these amplifiers provide only a few dB of gain due to the limited pump 

power and high input powers. In the latter configuration, the amplifier is situated near the 

receive end and can be considered as an extended receiver. This is generally the most efficient 

configuration since the input signal power is low and high gain can be achieved with low pump 

power. We shall investigate the benefit of this type of amplifier in the sensor array application 

and determine the increase in link length achievable. Our aim here is to derive a simple model 

to predict the increase in link length achievable by incorporating a RPEDFA as a preamplifier. 
A typical architecture is shown in fig. 6.12 in which we have placed the RPEDFA immediately 

after the array. A separate fibre is used to deliver the pump power. 
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Figure 6.12: Array configuration with remotely pumped preamplifier (case 4) 

To analyse this configuration, we shall make some simplifying assumptions: () we assume that 

the RPEDFA and preamplifier operate in their small-signal regime, i. e. such that the gain is not 

saturated and (ii) the accumulated ASE does not deplete the gain of remaining amplifiers. Thus, 

we can fix the gain and noise figure of the RPEDFA and preamplifier to be independent of the 

input powers and we assume that sufficient pump power is available to achieve the specified 

RPEDFA performance. We shall later verify these assumptions by determining the input 

powers to each amplifier and the RPEDFA pump power requirements for the system 

configurations of interest. 

In the previous configuration (case 3), the aim was to maintain constant input power to each 

amplifier such that the total noise figure of the system was equal to the sum of the noise figures 

of each amplifier. In this configuration, the aim is to maximise the fibre lengths between each 

amplifier. In this case, the noise figure of the system is given by (2.102), i. e. the general case for 

concatenated amplifiers. The total noise figure for the configuration shown in fig. 6.12 is thus, 

Foy =Fl+ 
F 

G1T(ILQ(m)ID)+ 
F 

G1T(ILa(mý/D)G�T 
(6.20) 

where G,, F, G, p, F, p, 
Fo, e are the gain and noise figure of the power, remote and preamplifier 

respectively and T= exp(-aL). Again, we have used the effective insertion loss of the array, 

IL, (m) /D and assumed fully populated TDM pulse trains. Shown in fig. 6.13 is the total noise 

figure as a function of the link length. Also plotted are the magnitudes of the individual 
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contributions to F,,,,. Here we have taken G, =1000, G,, =100, F=4, FP=4, F,,, =4, D=1/36 

and calculated for 8 wavelengths (. e. m =8). The range of link length has been chosen such 

that the total input power for both the RPEDFA and preamplifier are between 1µW and 

P. 
t =100 µW. In this regime, the noise figure of either amplifier is not increased by gain 

saturation. 

103 
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--------M. ------- 

10° 

G, T (IL. (m)/ D) 
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G, T(IL. (m)ID)G, T 

-----------------------------------F 

20 25 30 35 40 45 50 
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Figure 6.13: F., for the configuration sho" in fig. 6.12 

55 60 

Thus, in this configuration, the second term of (6.20) dominates the noise figure of the system; 

reducing F, p will minimise F,,,,. We now use this total noise figure to determine the 'phase 

resolution. This is calculated using the model presented in section 5.6 and we substitute F, 

into (5.21) and (5.22). This is shown in fig. 6.14 where the launch power is determined by PCB . 
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Figure 6.14: Phase resolution vs. number of sensors with staggered launch pulses (case 4) 

With the RPEDFA, around 270 sensors can be interrogated over a 40 km link and achieve a 

phase resolution of 100 µrad. Hz""2. Reducing the link length to 20 km allows around 400 

sensors to be interrogated. Despite the simplicity of this model, it clearly shows that the 

increase in link fibre length is not simply related to the gain provided by the RPEDFA, but is 

also dependent on the noise generated by the RPEDFA, given by the second term of (6.20). As 

the link length increases, the input power to the RPEDFA falls, which reduces the OSNR at 

the output of the RPEDFA. The low input power to the RPEDFA is the main factor that 
increases the noise figure of the system. When the total noise figure is large enough such that, 

2DP,. 
R FM > by 

AV. 
vº (6.21) 
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where P� is the total input 1-)O>wcr to the jure-f,; t)Fi\, then sp-sh heat n0, isc (10omin; ucs the 

detection. Plotted in fig. 6.15 is the phase resolution vs. the number of sensors and link length, 

which shows that there is a direct trade-off between these two parameters. By doubling the link 

length, the number of sensors must be approximately halved in order toi maintain the same 

phase resolution. Finally-, in fig. 6.16 we show the relationship between the number of sensors 

in the array and the link length with a decreasing phase resolution. 
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Vignre 6.15: Phase resolution vs. number of sensors and link length (case 4) 
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Figure 6.16: Number of sensors vs. link length with a decreasing phase resolution. 

RPEDFA pump requirements 

The RPEDFA must be optimised to give a high conversion efficiency between pump and 

signal photons. EDFA's have been demonstrated with gain efficiencies up to 11 dB. mW' (for 

980nm pumping) [6.22] and an RPEDFA has been demonstrated with a gain of 15 dB with 3.8 

mW of pump power (corresponding to a gain efficiency of 4.1 dB. mW') at 1480 nm and a 
noise figure of 5.6 dB [6.23]. Here we shall assume that 10 mW of pump power will provide 20 
dB of small signal gain for up to 16 wavelengths. In standard single mode fibre, the presence of 

water vapour in the form of OH ions generates absorption lines at 1.39 µm, 1.24 i. m and 0.95 

µm. The attenuation in SMF28 fibre at wavelengths below 1500 nm is thus dependent on the 

amplitude of the OH peak at 1.39 µm and typically, the attenuation at 1480nm is around 0.35 
dB. km"1. Thus, a link length of 60 km would require -1.3 W of pump power at the input of the 

pump delivery fibre. Up to 7W of power at 1480 nm can be generated by a cascaded Raman 

laser of the type described in [6.24] and [6.25]. 

Use of pure silica core fibre as the pump delivery fibre, which exhibits an attenuation of -0.17 
dB. km"' at 1550nm and 0.2 dB. km'1 at 1480 nm [6.21], reduces the pump power requirement to 

-160 mW. This could easily be provided by commercially available semiconductor pump 
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diodes. Use of this fibre as the array launch and return fibres would also permit a small increase 

in link length. 

6.5 Conclusion 

In this chapter we have identified the significant nonlinear effects that will cause degradation of 

the phase resolution of sensors multiplexed in a DWDM/TDM architecture of the type 

described in chapter 5. These are stimulated Brillouin scattering, stimulated Raman scattering, 

cross phase modulation and four wave mixing. It was shown that stimulated Brillouin scattering 

generally sets the lower limit on launch powers; however, in some configurations with more 

than ten wavelengths, the launch power becomes limited by stimulated Raman scattering. A 

technique involving staggering of the launch pulses was shown to significantly increase the 

thresholds set by SRS, XPM and FWM. This allowed us to determine the maximum permitted 

launch powers of the interrogation signals. We then presented simple models to analyse array 

configurations incorporating repeater type optical amplifiers and remotely pumped optical 

amplifiers in the link fibre. It was shown that adding repeater type optical amplifiers may permit 
link fibre lengths around 1000 km. It was also shown that there is a direct trade-off between 

link length and array size in order to achieve a predetermined sensor phase resolution. 

It should be noted that a small increase (-10 km) in the link length may also be achieved with a 

post-amplifier to boost the signals at the input to the array. The extra amplification required on 
the return fibre could be achieved with either a second remotely pumped amplifier or using 
Raman amplification. 
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Part IV 
Laser Sources for Sensor Arrays 

Chapter 7 

THE ERBIUM DOPED DISTRIBUTED FEEDBACK FIBRE LASER AS A 
SOURCE FOR INTERFEROMETRIC SENSOR ARRAYSt 

Abstract - In this chapter we characterise the performance (slope efficiency, frequency and 

intensity noise) of the Er3+ doped DFB fibre laser and discuss the origins of the observed 

frequency and intensity noise. We show that, with appropriate packaging, the frequency noise 

can be reduced to the level determined by thermal effects in the laser cavity. We describe the 

detailed design of an electro-optic feedback circuit which reduced the intensity noise at the 

relaxation oscillation by 30 dB to -116 dB. Hz"1±2dB. We investigate techniques to modulate 

the emission frequency of the laser. We also show how these techniques can be used to reduce 

the frequency noise of the laser by up to 18 dB below the limit thought to be set by cavity 

thermal noise, by locking the laser emission to an interferometer. This is equivalent to a 

frequency noise of 1.5Hz. Hz4/2±25% at 1 kHz. By optimising and combining these 

techniques, this laser would be ideally suited as a high performance source for interrogation of 

interferometric sensors. 

7.1 Introduction and Brief Historical Review 

The phase resolution obtained in an interferometric measurement is often limited by the 

stability of the frequency and intensity of the interrogating laser source. In principle, any 

noise source (frequency or intensity) generated by the source can be compensated for by a 
direct continuous measurement of the laser emission. The noise would then be appropriately 

subtracted from the sensor output. In the interferometric sensor, excess noise is generated 

'This chapter contains a re-edited transcript of the paper "Frequency noise reduction in erbium 
doped fiber DFB lasers using electronic feedback" submitted for publication in Optics Letters. 
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either directly from the intensity noise of the source or indirectly from the frequency noise 

which is converted into intensity noise by an unbalanced interferometer. However, in large 

systems with significant signal processing, the added complexity involved and the need to 

ensure high coherence between the noise to be subtracted and the sensor self-noise (i. e. by 

adding time delays to compensate for the signal processing delay), renders this technique less 

practical. Techniques have been demonstrated for rejection of intensity noise using balanced 

detection [7.1] and frequency noise using common mode rejection at the demodulation stage in 

a single interferometric sensor [7.2]; however the technique demonstrated in [7.1] is generally 

ineffective for multiplexed systems and the technique described in [7.2] becomes less effective 

with large multiplexed systems, for the reasons described above. Thus, it is generally desirable 

to reduce these noise sources at their origin. 

Early demonstrations of interferometric fibre-optic sensors used either semiconductor lasers 

[7.3] or bulk HeNe lasers [7.4]. The semiconductor laser generally exhibits low intensity noise 

(<120 dB. Hz-1 at 1 kHz); however, the linewidth of the output emission is typically -1 MHz. 

Thus, either accurate path balancing is necessary in the interferometer or phase noise reduction 

is required on the laser [7.5]. The HeNe source generally exhibits low intensity noise (<-90 

dB. Hz') and a narrow linewidth (<5 kHz); however, its bulk optic design, large size and 

wavelength of operation only at 543 nm, 633 nm, 1150 nm and 3390 nm, which are all some 

way from the low loss region of silica fibre, make it less practical. 

More recently, high performance lasers such as the diode-pumped Nd: YAG ring laser [7.6], the 

solid state Er3': Yb3+ laser [7.7] and the Er" ring laser [7.8] have become commercially available. 
The diode pumped ring laser operates in the 1310nm spectral region and with noise control can 

exhibit very low intensity noise (<-140 dß. Hz 1) and a narrow linewidth (<5 kHz). The 

Era+: Yb'+ bulk glass laser and Er3+ fibre ring laser operate in the 1550nm spectral region and 
have been demonstrated to exhibit low intensity noise and a narrow linewidth. However, these 
lasers are, at present, high cost due to their complex design. The short cavity length erbium 
fibre laser (EFL) is a potential alternative to these lasers and in some configurations may be low 

cost, with the required performance for the interferometric sensor application. This laser also 
operates in the 1550nm spectral region, which makes it compatible with wavelength division 

multiplexing technology. 
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Invention of the fibre-laser is usually attributed to Snitzer and Koester [7.9-10] in 1963, who 

published work on multicomponent glass fibre lasers while at American Optical. Although 

research continued on various laser configurations, the are enjoyed a considerable resurgence 

shortly after the development of the erbium doped fibre amplifier [7.12,7.63] at Southampton 

University, UK and Bell Labs, US in 1987. An excellent review of rare earth doped fibre laser 

devices can be found in [7.11]. The short cavity length EFL was one of a number of fibre laser 

devices demonstrated; however, its simplicity makes it particularly attractive and the remarkable 

progress made over the last decade in photosensitive doped fibre and in-fibre Bragg gratings 

(IFBG) have made it a practical device. Indeed, by ensuring single longitudinal mode operation, 

the linewidth of the laser emission may, in principle, approach the limit set by the spontaneous 

emission (known as the Schawlow-Townes limit named after the early laser pioneers 
C. H. Towns and S. L. Schawlow who derived a formula for this limit). It will be shown that, in 

fact, spontaneous emission limited linewidth is not achievable; however, these devices can still 

exhibit spectral linewidths comparable to and in some cases significantly lower than many of 

the laser types discussed above. We first review the techniques used to achieve single 
longitudinal mode operation from an erbium fibre laser. 

In a linear fibre laser with no wavelength selective elements, where the effective cavity length is 

relatively long, the number of modes that will oscillate will depend on the free spectral range 
(FSR) of the cavity and the bandwidth of the gain medium. The relatively small mode spacing 

therefore, will require a high degree of wavelength selectivity to be incorporated into the cavity. 
Techniques used to demonstrate this are: an interferometric resonator [7.13]; a travelling wave 

structure [7.14]; by injection locking [7.15]; and by using an intra-core fibre grating [7.16]. The 

interferometric resonator relies on the wavelength discrimination property of the interferometer 

to ensure that a high round-trip cavity loss is experienced by all but one of the possible modes. 
The travelling wave structure uses the property of the homogenously broadened gain medium, 

whereby the mode with the highest roundtrip gain reaches threshold first and saturates the gain. 
Provided that there is no spectral hole burning, there will not be sufficient gain available for the 

other modes to reach threshold. The travelling wave configuration prevents spectral hole 
burning in the cavity, and thus ensures single longitudinal mode operation. The injection 

locking technique is based on ensuring that only one longitudinal mode has sufficient round- 
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trip gain to reach threshold. This requires seeding the fibre laser with an external narrow-band 

source at a frequency corresponding to one of the longitudinal modes of the fibre laser. 

The mode spacing of the linear fibre laser is determined by the free spectral range of the cavity 

and can be increased by reducing the cavity length, as indicated in fig. 2.9(ii). Single-longitudinal 

mode operation can be achieved by reducing the cavity length to a few centimetres and using 

the wavelength selective properties of the intra-core Bragg grating as the feedback element. 

Provided that only one mode falls within the grating reflection bandwidth, then only this mode 

will experience a high enough round trip cavity gain required to achieve threshold. This 

configuration is often referred to as the distributed Bragg reflector (DBR) design. This 

technique was first demonstrated in [7.16] using a Nd-" doped fibre. However, the first 

demonstration of a short cavity length erbium fibre laser (EFL) was reported in [7.17] which 

used two separate intra-core Bragg gratings to provide feedback to the gain region and 

longitudinal mode discrimination. The design of these devices was analysed in [7.18] where it 

was shown that robust single-mode operation was achievable by appropriate design of the 

IFBG profile and reflectance. These sources may provide an alternative to the semiconductor 

laser diode for high bandwidth communications, due to their narrow linewidths, small size, 

simplicity in design, low sensitivity to temperature and intrinsic compatibility with the 

transmission medium. We now review the progress on the development of this laser 

configuration over the last decade. 

The frequency and intensity noise performance was first experimentally investigated for these 
lasers in [7.20-21], which showed that they can exhibit a linewidth less than 20 kHz and using 

active electronic feedback to the pump diode reduces their relative intensity noise (RIN) to less 

than -110 dB Hz"'. Due to the short cavity length of these lasers and the constraints set on the 

erbium doping concentration, these lasers are limited to emitting only a few hundred 

microwatts of power. However, a master-oscillator power-amplifier (MOPA) configuration 
(where a length of erbium doped fibre is placed after the laser resonator to provide extra gain to 
the laser emission) demonstrated up to 60 mW of output power using two semiconductor 
pump diodes [7.21]. Although the performance of these lasers was adequate for many 
applications, some potential problems remained concerning the sensitivity of the laser 

wavelength to the relative separation of the Bragg gratings and stability of the laser in the 
presence of environmental perturbations. A more stable resonator was demonstrated using a 
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distributed feedback fibre laser (DFB) design. The DFB EFL consists of a single grating, as 

shown in fig. 7.1 which confines the laser cavity to within the region of the grating (it is worth 

noting here that the number of modulation cycles in a 50mm grating is -10000). Typical values 

of An are between 10"5 and 10-3. 

n 
n(z) i 

g(z) 

Doped fibre 

Figure 7.1: DFB fibre laser configuration incorporating central discrete ßr12 phase-shift a raised cosine 

apodisation profile, g (z) and index modulation, n(z) 

While a uniform grating will support lasing, the presence of more than one mode with equal 
lasing threshold, results in gain competition between the modes and unstable operation. 
However, incorporating a phase-shift within the IFBG confines the fundamental mode to the 
locality of the phase-shift, and generally favours single-mode operation. The reflection 

spectrum for a 71'/ 2 (single pass) phase-shift in the centre is shown in fig. 7.2. 
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Figure 7.2: Reflection and group delay spectrum of 7t /2 (single pass), 50 mm, unapodi red, KL =5.1, pha ce- 

shifted IFB G. (These plots were calculated using the transfer matrix method)" 

The presence of the phase-shift causes a sharp dip to appear in the centre of the grating 

reflection spectrum, which corresponds to the wavelength of the fundamental mode of the 

resonator. The resonator properties of this structure are better visualised from the group delay, 

also shown in fig. 7.2. The resonance's of the DFB structure can be seen to correspond to the 

side-lobes of the IFBG profile and about the phase-shift. The mode corresponding to the 

central phase-shift is referred to as the fundamental and higher order modes correspond to the 

side-lobe nulls. Robust single-mode operation is usually obtained since the thresholds of the 

higher-order modes are generally much higher than the fundamental mode, providing the 

grating strength is not made too high. Apodisation of the grating profile, as shown in fig. 7.1, 

allows the higher-order mode thresholds to be increased further [7.27]. 

13 To calculate the reflectance and group delay of the phase-shifted IFBG, we have used the popular transfer matrix approach, 
described in [736,38]. In this technique the IFBG is divided into a number of segments such that each segment can be 

approximated to a uniform grating. In this case a single matrix describes the coupling between forward and reverse 

propagating beams in the grating segment. By applying appropriate weighting factors to the coupling eoefficent (defined later) 

and including phase-shift matracies as necessary, the response of an arbitrary grating profile with phase discontinuities can be 
determined by simply multiplying the matrix for each segment from one end of the grating to the other. 
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Although the concept of the DFB structure is well known and has been used in semiconductor 

lasers since the early 1970's, its use in fibre lasers is more recent since the development of the 

IFBG. The first reported DFB fibre laser used a Bragg grating written into a hydrogen loaded 

Era+: Yb3+ codoped fibre [7.22]. Two lasers were demonstrated; one used a single grating 

formed in a hydrogen loaded Era+: Yb3+ fibre as one feedback element and a reflective fibre end 

to form the second feedback element and a DFB structure was formed by inducing a phase- 

shift in the centre of the grating using a heated wire. The use of codoped fibre resulted in a 

pump absorption around two orders of magnitude higher than that obtained in Er3+ doped 

fibre and hence an output power of a few mW. Following this, DFB erbium fibre lasers were 

demonstrated which incorporated the required phase-shift during the grating writing process 

either by translation of the fibre by the appropriate amount during the fibre-scanning beam 

technique [7.23] or by UV post-processing of the grating to induce the phase-shift [7.24]. It was 

then demonstrated that by application of a birefringent phase-shift by UV post-processing, the 

lasers could be forced to lase in a single-polarisation mode [7.25-26]. In this configuration, the 

two orthogonal polarisation modes experience a different phase-shift, hence by adjusting the 

magnitude of the birefringence, the lasing threshold of one mode can be increased relative to 

the other. Alternatively, writing a strongly polarisation dependent IFBG (resulting in strong 

polarisation dependent loss for one polarisation mode) would also ensure single-polarisation 

mode operation. 

Although the codoped fibre laser promises high output power without the need for a separate 
power amplifier stage, these lasers tend to exhibit broader linewidths and poorer frequency 

stability than the EFL's [7.28], possibly due to the elevated temperature in the cavity due to 

non-radiative transitions. For this reason we concentrate here on the noise properties of the 
EFL and investigate its use as a source for interrogation of fibre-optic interferometric sensors. 
The chapter is set out as follows: in section 7.2 and 7.3 we define the terms to be used to 

characterise the grating properties and laser output spectrum, pertinent to the interferometric 

sensor application. Then a brief outline of the laser characteristics necessary for most 
interferometric sensor applications is given in section 7.4. In section 7.5, the basic set-up of the 
fibre lasers under test is presented and a discussion is given on issues such as choice of pump 
and laser packaging. This is followed by a discussion on the performance of the free-running 

laser. In sections 7.6 and 7.8, we present techniques based on active electronic feedback to 
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suppress the relaxation oscillation induced intensity noise. In section 7.7 we investigate 

frequency modulation of the laser though pump power modulation and cavity strain and 

provide a discussion on the mechanisms giving rise to correlation between pump modulation 

and EFL frequency modulation. In section 7.8 we present a DFB fibre laser in a MOPA 

configuration with relative intensity noise reduction and frequency noise reduction. Finally, in 

section 7.9 we summarise our conclusions. 

7.2 Grating Parameters 

It is useful, at this stage, to define the relevant grating parameters. Referring to the grating 

profile, shown in fig. 7.1, we define the coupling coefficient, K(Z), which is related to the index 

modulation, On(z), by [7.36], 

K(z) =E g(z)FAn(z) (7.1) 

where A is the wavelength, g(z) is the apodisation profile and r is the overlap integral 

between the mode and the transverse grating profile. For a non-chirped grating, the refractive 
index in the region of the grating can be expressed as, 

n(z) = no +Ansin(A Z (7.2) 

where no is the uniform index change, A is the grating pitch. It thus follows that the grating 

strength is defined by KL, where L is the grating length. For a uniform grating, the peak 
reflectance is given by, 

Rpk = tanh2(KL) (7.3) 

We can now determine the effective mirror transmittance by noting that for a uniform, strong 
(i. e. high 1K) grating with a discrete 'r /2 phase-shift, (7.3) leads to, 

M=4 exp(-2U) (7.4) 
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It can also be shown that on entering the grating, the amplitude of the optical field falls as 

exp(-2Kz) [7.37] and therefore we can define a penetration depth as the We e evanescent 

decay depth, ll, 
e = 1/ 2K. It follows that for the discrete 7t /2 phase-shifted grating based laser, 

the effective cavity length can be approximated by, 1, =1 / K. If the phase-shift is distributed, a 

distance approximately equal to the length of the phase-shift should be added to this value. 

7.3 Characterisation of the Laser Source: Definition of Terms 

The laser output field can be expressed by, 

V (t) = Re [E(t)e'(2'n «'0"`)1 (7,5) 

where E(t) and v(t) indicate that the amplitude and frequency of the optical signal are time 

dependent. For the following analysis, they are assumed to vary only slightly with time. We 

define E(t) = Eo +EE(t) and v(t) = vo +Ov(t) where Ov(t) is the instantaneous time 

dependent frequency fluctuation and is related to the instantaneous phase fluctuation by 

A v(t) = (2; r)-'dO(t) / dt. In general, A v(t) will be a random variable with zero mean, so we 

define the root-mean-square (rms) frequency excursion as v,,, = 
(IA v(t)I )2 

and 

z= correspondingly the rms phase excursion as ý, 
fi, = (IO(t)I) (where () indicates an average 

over time). The term in the square brackets in (7.5) is sometimes referred to as the "analytical 

signal". 

7.3.1 Amplitude/intensity noise 

The laser power can be expressed as NO = E(t)2 = Po +SP(t) where P0 is the unperturbed 

or average output power and SP(t) is the time-dependent fluctuation and exhibits zero mean 

(i. e. (SP(t)) = 0). So we define the variance of the power fluctuation, 

(SP(t)2) -((P(t)-p)2)= j S5(f)df (7.6) 
0 
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where Ss, (f) is the spectral density function of the power fluctuation. The relative intensity 

noise (RIN) of the laser output is then defined as, 

RIN(f) = 
SS P (7.7) 

p0 

The RIN is usually normalised to a1 Hz bandwidth and expressed in logarithmic units using, 

RIN[dBHz-'] =101og, o[RIN(f)] (7.8) 

where the reference to Hz-' simply states that the noise measurement is normalised to a1 Hz 

bandwidth. Measurement of the RIN of a given source can be carried out by measurement of 

the noise current generated in a photodiode, 5i, 
. This is then related to the laser power 

fluctuations by, 

8i, (t) _- 8P(t)Af (7.9) 

where Af is the receiver bandwidth, the factor ei / by is the photodiode responsivity, e is the 

electron charge, 77 is the photodiode quantum efficiency and lt is Plancks constant. Fourier 

transformation of the auto-correlation of (7.9) will then yield the power spectral density of the 

photodiode current and division by the square of the average power yields RJN(f) 
. 

7.3.2 The laserfield spectrum and lineuidth 

The laser linewidth indicates the spread of energy of the optical field about the centre 
frequency, V. (i. e. how much the laser deviates from purely monochromatic). By assuming that 

the laser noise spectrum is broadened only by fluctuations of the optical phase (i. e. fluctuations 
in the intensity have a negligible effect on the laser spectrum) and that the phase fluctuations 

obey Gaussian statistics, Yariv [7.30] showed that the auto-correlation function of the laser field 

spectrum is given by, 

CE(r) =2 Eo2 cos (21rvor) e (7.10 
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where z, is the laser coherence time and from (7.10) can be seen to indicate the value of r for 

which the auto-correlation function of the laser has fallen to e-' of its peak value. Using the 

Wiener-Khintchine theorem, which relates the spectral density of the optical field to its auto- 

correlation function, 

SE(V) _J CE(z)e ̀ 2'dr (7.11) 

the field spectrum was determined to be, 

1 
z 

SE(V) 
4, r 1` (7.12) 

2 +4; c (V-Vo)2 

which is a Lorenzian shaped function centred on vo with a full width at half-maximum defined 

as the laser linewidth, OVA,, = (21rr, ) 1. 

For narrow linewidth lasers, direct measurement of the laser spectrum using techniques, such as 
Fourier transform rpeciroscopy, to determine directly the field auto-correlation function given in 

(7.10) tend to be problematic due to the large variable delay times necessary (i. e. a laser 
linewidth of 10 kHz, typical for fibre lasers, would require a delay time varied from 0 to greater 
than 3X10-'s or 9km of free space). A simpler technique is known as the delayed self- 
heterodyne which involves delaying the optical field by a time, te, relative to itself using a 

similar interferometric set-up to that shown in fig. 2.11 and incorporating an acousto-optic 

modulator in position A or B [7.30]. We consider here only the special case where to > r,. 

Maintaining the assumption that the laser field spectrum is due only to fluctuations in the phase 
and that these fluctuations obey Gaussian statistics, the spectral density of the photodiode 
current can be shown to be given by [7.29], 
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4 

S. (T) = 
2R E° 2+ 28(T) (7.13) 

Z 

?+ TZ Iz,, 

where I is the frequency offset and 8(1) is the Dirac delta function. Thus, the spectral 

density of the current contains a Lorenzian distribution centred on zero frequency with a full 

width at half-maximum equal to twice the laser linewidth, 2AVjC1, 
. The delayed self- 

heterodyne technique provides a quick method of obtaining the coherence time of the laser. 

However, we have assumed throughout that the noise mechanisms obey Gaussian statistics and 

exhibit a flat spectral density (i. e. a white noise source). Deviations from a flat spectrum must 

be negligible for equation (7.8) and (7.9) to apply. The presence of f -1 noise causes the 

lineshape to deviate from Lorenzian and more closely resemble a Gaussian [7.31]. In the case 

of the fibre lasers it will be shown that the frequency noise spectrum deviates from white noise 
due to contributions from other noise sources. Thus, the use of linewidth to accurately 

characterise the frequency noise of a fibre laser source should be treated with caution. In the 

case of the interferometric fibre optic sensor, it is more useful to characterise the spectral 
density of the frequency fluctuations of the laser and hence determine Av(f) directly. 

7.3.3 Frequency/phase noise 

Frequency noise of the optical spectrum can be measured using the frequency discrimination 

property of an imbalanced interferometer. A typical interferometric set-up using balanced 
detection to reject intensity noise, is shown in fig. 2.10. It is usually sufficient for the EFL to set 
td =0.5 µsec corresponding to a 100m imbalance to ensure that the contribution to the 

photocurrent from laser RIN and receiver noise are negligible compared to the contribution 
from 80(t). The laser frequency noise is then related to the phase noise through the relation, 
SO(t) =2 rtd0 v(t) . Note that this definition of phase noise should not be confused with the 

definition of phase fluctuations of the laser optical field defined earlier in the section. 
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7.4 Laser Source Requirements 

An unbalanced fibre-interferometer interrogated by a laser source with a frequency noise of 

AV will generate a noise current on detection equivalent to a phase noise of (2nd / c), & v 

where d is the imbalance in the interferometer. Thus, to achieve 1 µrad. Hz'2 phase resolution 
in an interferometer with a fibre imbalance of 1 m, a frequency stability of less than 32Hz. Hz-1/2 

is required. Also, the power stability must be better than 1 in 106 measured in a1 Hz bandwidth 

(corresponding to RIN=-120 dB Hz-'). By assuming a received optical power of 10 i. W 

(typical), taking V =0.5, r =1A. W' and using (2.38) and (5.17) the shot noise limited phase 

resolution, bOSh =0.36µrad. Hz"'1Z and is generally lower than the noise due to laser frequency 

and intensity noise fluctuations. Typically, an output power of a few mW is adequate since 

optical amplification can be used to further boost the power level. However, in order to 

minimise the ASE power content of the received signal, a high output power (>10 mW) with a 
high optical signal-to-noise ratio (> 50dB) is desirable. The laser performance should not 
degrade significantly with age or increased environmental noise. 

7.5 EFL Characterisation 

7.5.1 Fibre laser set-up 
The set-up used for characterisation of the fibre lasers is shown in fig. 7.3. The pump power 
from a Nortel LC92F grating stabilised diode is combined onto Corning SMF28TM fibre 

through a 980/1550nm WDM. This fibre is spliced to the 80 micron laser fibre. The other 
output of the laser is spliced onto a 1550nm dual stage isolator (>50 dB isolation) and erbium 
doped fibre section, which is followed by a second dual stage isolator. A bypass route for the 

pump power around the first isolator using two 980/1550nm WDbi's is also necessary due to 

the high insertion loss of the isolator at 980nm. This does not negate the effect of the isolator 

since the rejection of 1550nm signal through the 980nm port of the WDM coupler is greater 
than 30dB, giving a total rejection of 60dB into the laser output". 

14 It is well known that back reflection into a laser cavity, with a randomly varying phase, leads to laser instability. The back 
reflection may arise from a connector, splice or in-line component. The tolerable level of back reflection for the DF13 EFL 
has been investigated in [7.601. The effect was characterised by injecting a controlled level of back reflection with random 
phase into the laser cavity while monitoring the rms intensity and frequency noise of the laser. Any observed increase above a 
certain threshold indicated a disturbance to the cw operation of the laser. It was found that the permitted level of back 
reflection depended on the grating strength, in the same way that the tolerable level of back reflection into a semiconductor laser increases with increasing mirror reflectivity. For a discrete mirror placed dose to the laser output, the tolerable back 
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This configuration provides two signal outputs. One output contains the signal after being 

amplified through 4m of erbium doped fibre (characterised to provide 3.8 dB. m 1 of gain) 

which boosted it to a few mW with 100 mW of pump power. The other output provides a 
few hundred µW of power. 

980/1550 
WDM 

DFB EFL EDF 

PUMP -I 111 11 iýý 

/v 4m Output 2 
1125/80µm kN 

pump 
splice bypass 

Output 1 

Figure 7.3: Fibre laser set-up 

7.5.2 Pump source 
The EFL can be pumped at any of the absorption bands characteristic of the Er" gain medium 
(514.5nm, 600nm, 790-840nm, 980nm, 1480nm); however, the 980nm and 1480nm pumping 
bands are generally used since they are free from significant excited state absorption (ESA) for 
Er» in a silica host glass. It is also convenient to use commercially available 980 nm or 1480 nm 
pump diodes developed for the erbium doped fibre amplifier. For the lasers characterised here, 

we have used a 980nm pump diode stabilised with an in-fibre Bragg grating that delivered 

approximately 100mW of power to the EFL. To obtain low noise performance from the fibre 

laser, a number of factors related to the pump need to be considered. Firstly, it has been shown 
that pump power fluctuations at high frequencies can drive the relaxation oscillation in the EFL 

and generate excess noise [7.32] and at low frequencies can directly modulate the EFL intensity 

generating excess noise (7.33]. This is often caused by noise from the current source. For 

example, to ensure a fibre laser RIN of less than 10.12 Hz', the pump laser must also exhibit a 

reflection level was found to be --16dB and --35dB for lasers with KL =8.5 and 15 respectively. Thus, we conclude that a 
-50dB isolator will be adequate to suppress excess noise from back reflection. 
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RIN of less than 10-12 Hz"'. If the pump diode is drawing 200 mA, the current noise density 

must be less than 0.2 1LA. Hz'112. Secondly, non-stabilised pump diodes (980nm and 1480nm) 

are multi-mode (mode spacing typically a few hundred GHz) and random exchange of energy 

between the modes can lead to fluctuations in the EFL cavity gain due to the frequency 

dependent absorption of the Er'+ ion. This will also lead to fluctuations in the output power. 

This effect is stronger in the 980nm pump region due to the narrow absorption peak at 980nm 

compared to 1480nm. Incorporating a low reflectance in-fibre Bragg grating into the output 

fibre at a distance longer than the coherence length of the laser forces it to lase in a coherence 

collapse regime. A large number of modes are now present in the laser emission (due to the 

extended cavity length) which all fall within the bandwidth of the grating. Exchange of energy 

between modes now occurs very rapidly and is confined to a narrow bandwidth, which results 
in a stable output emission power [7.34]. 

Thirdly, fluctuations in the pump polarisation may also lead to excess intensity noise due to 

polarisation dependence of the grating reflectance and pump absorption. In the lasers tested, 

changes in the pump polarisation induced by a polarisation controller on the pump fibre, 

caused the EFL output power to vary less than ±1%. 

Finally, another factor that may affect the laser intensity is the cut-off wavelength of the fibre 

laser pigtails. The EFL's tested consisted of a grating, formed in a section of (active) erbium 
doped fibre (typically a few cm's long), which is spliced to a (passive) fibre with a numerical 
aperture of 0.16 and a cut-off wavelength of 1270nm. The passive fibre is therefore multi-mode 
at 980nm. Hence coupling of pump power between modes in the delivery fibre may cause 
fluctuation in the output power of the EFL, due to the difference in the value of the overlap 
integral for each mode in the laser cavity. Providing the pump diode is stabilised with an 

external grating and is packaged with the laser in a stable environment, the impact of these 

noise sources will be minimised. 

7.5.3 Fibre laser packaging issues 

The emission frequency of the EFL is sensitive to changes in ambient pressure (i. e. acoustics) 
and temperature, which both contribute to changes in the cavity length and refractive index. 
For an uncoated fibre in air, it has been shown that the acoustically induced temperature 
change, caused by the adiabatic process of expansion and contraction of air, increases the EFL 
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sensitivity to acoustics by between 2 to 3 orders of magnitude, compared with assuming a 

constant temperature across the laser. When the temperature of the air surrounding the fibre is 

altered due to an acoustic wave, the temperature gradient set up between the surrounding air 

and the fibre causes heat to be transferred by forced convection to the fibre surface and by 

conduction though the cladding to the fibre core. Generally, the forced convection is 

accompanied by free convection due to temperature gradients at the air-glass interface (which 

may arise from heat generation by non-radiative transitions in the fibre core). It was argued in 

[7.35] that the magnitude of the temperature induced index change for a harmonically varying 

temperature field is determined primarily by pure diffusion and hence the thermal diffusion 

time through the cladding. Any contribution due to the convection between the surrounding air 

and glass was generally small, since the harmonic variation of the temperature change reduced 

the temperature gradients. The responsivity of a bare fibre laser in air to an acoustic signal, 

ID V/ API 
, where OP is the pressure (125 µm outer diameter fibre) was measured to be 

- 600kHz. Pa' at 100 Hz and -8kHz. Pa' at greater than 1 kHz [7.35] which is in reasonable 

agreement with a value of the DC responsivity of 1.6MHz. Pa 1 predicted by (2.32). (Compare 

this with values of (Ov/AP)IT=536 Hz. Pa4 for a hydrostatic boundary condition and -1580 

Hz. P1' for radial boundary conditions, where the subscript T denotes constant temperature, 

calculated using the analysis in chapter 4). The reduction in sensitivity at higher frequency is due 

to the low thermal diffusivity of the glass cladding (i. e. the rate at which the heat travels through 

the glass). We determined in chapter 4 that the diffusion time, T., from the core to the cladding 

surface was 0.65ms for a 62.5µm cladding radius fibre and 0.26ms for a 40 rm cladding radius 
fibre. Thus, we would expect that the temperature contribution to the acoustic responsivity to 

be significantly reduced at frequencies greater than 1/Td or -1.5 kHz for 67.5µm fibre and 

-3.8kHz for 40µm fibre. It thus follows that to reduce the temperature induced acoustic 

responsivity of the EFL, a layer of low thermal diffusivity material should be applied to the 
fibre (which effectively acts as a low-pass filter to heat flux). For the measurements described 

below, the lasers were supplied with a single acrylate coating. In the frequency noise reduction 

experiments described later, the lasers were coated with a layer of low thermal diffusivity epoxy 

resin. 
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7.5.4 Characteristics of the free-running laser 

Six lasers were tested for slope efficiency, relative intensity noise, frequency noise and 

modulation characteristics. These lasers were supplied by Ionas, Denmark and the measured 

characteristics Of the lasers are summarised in table 7.1. The precise characteristics' of the 

grating and doped fibre type are not known, although all the lasers tested are based on a similar 

grating design, fibre type and fabrication technique. 

Slope fciency 

The laser slope efficiency can be defined by, k50 = MFL I APP I 
f.., o , where the subscripts FL 

and P refer to the fibre laser and pump respectively. This was measured with the set-up shown 
in fig. 7.3 and using a power meter to measure the power at output 1 as a function of the pump 

current. The pump power vs. pump current was previously characterised and appropriate 

correction was made for the WDM coupler excess loss and splice loss. The slope efficiency 'of 

IFL1221 is shown in fig. 7.4(i); the slope efficiency given in table 7.1 is calculated from points 
in the linear region of the laser power/pump power slope in fig. 7.4(). The lasers tested 

exhibited a slope efficiency of between 1 and 3 µW. mW-' and produced between 100 µW and 
300 µW of power when pumped with 100 mW at 980nm. When incorporated into a master- 
oscillator power-amplifier configuration the slope efficiency was increased up to 170 µW. mW', 
measured at output 2 in fig. 7.1. 
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Table 7.1. - Erbium doped fibre laser characteristics 

Laser serial no. Wavelength 
nm 

Slope efficiency 
µW. mW-t 

Pump power 
mW 

f 
kHz 

±1% 

RIN peak 
dB Hz-1 
±2dB 

IFL01WiEB-AD(MOPA) 1550.08 170 70 152 -65 
IFL1220 1540.51 1.45 - - - 
IFL1221 1541.17 1.80 105 314 -83 
1FL1221(MOPA) 1541.17 47.5 105 314 -83 
IFL1222 1543.73 - 105 285 -76 
IFL1223 1545.23 1.93 100 300 -78 
IFL1224 1550.08 2.26 100 264 -71 

Relative intensity noise (KIN) 

When a laser has reached steady-state operation, it will exhibit periodic fluctuations in its output 

power due to the exchange of energy between the upper lasing level and the signal photon flux. 

This is then followed by a corresponding exchange from the pump photon flux that 

repopulates the upper lasing level. The frequency at which this occurs is known as the 

relaxation oscillation frequency, fRO. The frequency of the relaxation oscillation in the DFB 

EFL will depend on the coupling coefficient of the grating, the Er3+ concentration and the 
pump power [cf. chapter 8]. The spectral shape of the intensity fluctuations is that of an 
underdamped harmonic oscillator. We can gain a basic qualitative understanding of the 
dependence of fRO on these parameters by considering the physical mechanisms involved. We 

assume that the pump depletion is small, which is generally the case in the EFL. As the 

coupling coefficient increases, the photon lifetime increases (since 1, =1 / K) and hence the 

gain depletion increases resulting in a decrease in the relaxation frequency. As the erbium ion 

concentration increases, the available gain increases and the gain depletion is reduced and hence 

fRO increases. Finally, as the pump power increases, the rate at which the upper laser level is 

repopulated increases and hence fRO increases. 
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The relative intensity noise (RIN) spectrum for laser IFL1221 is shown in fig. 7.4(u) and the 

dependence of fRO on the pump power is shown in fig. 7.40. The intensity noise spectrum 

was measured by taking the Fourier Transform of the current from a photodiode placed at 

output 1 in fig. 7.3 using an HP89410A spectrum analyser. The mean power is also measured 

and (7.7) is used to calculate the RIN. The plots, shown in fig. 7.4@ and (n), are representative 

for all the lasers measured. The relaxation oscillation frequency and. relative amplitude were 

measured for all the lasers at the specified pump power and are given in table 7.1. The 

variation in fRO and k510 for the lasers tested is thought to be due to differences in the 

coupling coefficient of the grating and differences in the delivered pump power due to splice 
losses between the active and passive fibre. We shall return to the underlying mechanisms 

giving rise to the observed levels of intensity noise in chapter 8. 
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Figure 7.4: (1) Dependence of output power and relaxation oscillation frequency on injected pump power 
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Figure 7.4: (ii) Low frequency RIN . spectrum of EFL 
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Frequency/phase noise 
The frequency noise of the EFL was measured using a Mach-Zehnder interferometer with a 
100m fibre imbalance. A high gain-bandwidth feedback loop (described in section 2.9.1) was 

used to stabilise the interferometer for measurements of frequency noise between 1 Hz and 10 

kHz and a low gain-bandwidth configuration was used to measure between 10 kHz and 1 MHz. 
The frequency noise of IFL1221 is shown in fig. 7.5. The data has been corrected for variations 
in the frequency response of the feedback loop and detector. Also included for comparison, in 

fig. 7.5, are the frequency noise spectra for two other lasers commonly used as sources: (i) the 

semiconductor DFB laser (with and without phase noise reduction (PNR)) [7.5] and (u) the 
diode pumped Nd: YAG laser [7.6]. 
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The left hand axis is the phase noise, in units of µrad. Hz''/2, generated in an interferometer with 

a 1m fibre path imbalance and the right hand axis is the frequency noise in units of Hz. Hz'1/2. 

During the measurements, the lasers and measurement interferometer were placed in an 

acoustically isolated box; however, some acoustic pick-up was still observed around 30 Hz 

(likely to be due to noise from cooling fans). For the high frequency measurement, a balanced 

detector was not used; as a result some of the contribution to the frequency noise around the 

relaxation oscillation is due directly to intensity noise. The frequency noise spectrum of this 
laser comprises contributions from four different mechanisms: 

() At frequencies up to I kHz, the frequency noise exhibits an f -" type spectrum, with a 

slope that falls off at -20dB/decade. The origin of this noise is not well understood, however a 

similar shaped noise spectrum is found in diode pumped Nd: YAG lasers [7.39]. 

(u) Between 1 kHz and fRO, the frequency noise is likely to be caused by fluctuations in the 

refractive index of the cavity due to instantaneous changes in the temperature and density of 

the medium. Other groups have arrived at the same conclusion [7.33,7.61]. This noise source 

was first investigated in [7.40] for bulk materials where it was shown that the instantaneous 

temperature and density of a body in thermal equilibrium with its surrounding will undergo 

statistical fluctuations which will modulate the refractive index of the medium. This will 
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manifest itself as a phase noise imposed on an optical signal propagating through the medium. 

In general, it was shown that for frequencies up to -1 MHz the dominant contribution to the 

refractive index modulation was due to thermally induced refractive index fluctuations. For 

frequencies greater than 1 MHz, the density fluctuation induced refractive index fluctuation 

contribution (or equivalently the direct acoustic phonon interaction) was dominant and 

exhibited a spectral density that increased by approximately 20 dB/decade up to a frequency of 

-1 GHz. Expressions for the spectral density of the phase fluctuations were derived for an 

unbounded bulk medium. The case of a bounded medium with insulating boundary conditions 

and including the effect of the mode-field profile was investigated in [7.42]. This yielded an 

expression for the spectral density of phase fluctuations (considering only the contribution 
from thermally induced index fluctuations and thermally induced strain fluctuations), which can 
be applied to the fibre laser and expressed in terms of frequency fluctuations, 

v". (f )- 
n 

äT 
+a 

2v 

ET2(f) (7.14) 
P 

where a is the thermal expansion coefficient of the fibre, yo =c/ A0 
, and the temperature 

fluctuation term is given by, 15 

zf 2z+ 2ýf 
((_2 

w) c/n kT `J 
_a ý" ) AT 2(f) = 2ýllK 

In 

[[2.4O5) 
22fzz2fz 

15 

rl On 

) 

where kB is Boltzmann's constant, T is the absolute temperature, 1, is the effective cavity 

length, Kc is the fibre thermal conductivity, ý is the fibre thermal diffusivity, w is the mode 

is We note here that the derivation of (7.15) has not been published and its accuracy has only bccn vcrificd experimentally in 
[7.421. 
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field radius, c is the velocity of light in a vacuum, n is the effective refractive index of the 

fibre, and r is the radius of the cladding. For our calculations we use T =300K, 1, =12mm, 

xc =1.37W. (m. K)"', ý =0.82x 10-6m2s 1, w =2.3µm, r, =40µm, n =1.465, =1550nm and the 

thermo-optic coefficient, 
n aT 

+a =5.2x 10-6K' where we have taken the values of the 
P 

thermal conductivity and diffusivity from [7.40] and the thermo-optic coefficient from [7.33]. 

(7.14) has been experimentally verified, using measurements from an unbalanced fibre 

interferometer, for frequencies between 1 kHz and 100 kHz [7.42]. This yielded noise 

spectrums that were the same spectral shape and -1-3dB higher than that predicted by the 

theory presented in [7.41]. The predicted thermal noise spectrum is shown in fig. 7.5. It can be 

seen that good agreement is obtained between the measured and predicted frequency noise 

over the frequency range 1 kHz to 100 kHz, if we assume the above values to be accurate. This 

result would imply that the laser frequency stability is limited by thermally induced refractive 

index fluctuations over this frequency range. It is interesting to note the 1, " dependence of 

the thermally induced frequency noise. It thus follows that a longer cavity length yields a lower 
frequency noise. This implies a potential advantage for the DBR laser where the cavity length is 

typically 50mm compared with 5 to 20mm for the DFB design. We would therefore expect the 
DBR laser to exhibit a thermal noise limited frequency noise of up to a factor of -3 lower than 
the DFB laser. 

(iii) Around fRO, strong coupling between the intensity fluctuations and the frequency noise 

occurs, which causes a large increase in the frequency noise. This is thought to be due to the 
gain modulation induced refractive index fluctuations [7.33] through the Framers-Krönig 

relation. This contribution is removed when relaxation oscillation suppression is implemented, 

as described in section 7.5. 

(v) Above fRO the frequency noise may approach the Schawlow-Townes limit (i. e. the 

spontaneous emission frequency noise limit). The Schawlow-Townes noise limited linewidth, 

0VS_T, can be estimated from [7.64], 
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0 vs-r - 
he M2 
A 2I P 

(7.16) 

where we assume a unity inversion, h is Planck's constant, C is the light velocity in a vacuum, 
A is the wavelength (1542.17 nm), M is the effective mirror transmittance (4X10), 

Z, r = nL/c is the cavity photon round-trip time, L is the effective cavity length (12 mm) and 

P is the output power (200 µV . Using the estimated values shown in brackets yields 

Avs_T =5 mHz, which corresponds to a frequency noise spectral density of -0.13 Hz. Hz"'/2. 

Although these parameters are estimated, increasing T by a factor of 10 yields a frequency 

noise spectral density of -0.94 Hz. Hz'"2, which is still below our observed noise floor. As 

mentioned above, noise contributions from direct interaction with acoustic phonons may 

prevent this limit from being reached. Currently, no experimental evidence is available to show 

this. 

It is instructive to compare the fundamental linewidth of the semiconductor DFB and fibre 

DFB lasers. It has been shown that the linewidth of the semiconductor DFB is limited by 

fluctuations in the refractive index of the laser cavity, arising from instantaneous variations in 

the electron density across the active region of the junction due to spontaneous emission; an 

effect first explained by Henry [7.43]. This led to a linewidth enhancement factor (known as the 

Henry factor), which broadens the linewidth (over that predicted by spontaneous emission 

only) to -1 MHz. In the EFL this effect is small; however, the linewidth is now broadened by 

fluctuations in the refractive index due to thermal effects. Despite this, the linewidth of most 
EFL's is of the order of a few kHz. 

We have shown that frequency noise of the EFL over the frequency range of interest for the 

interferometric sensor application is dependent on the f -" contribution below -1 kHz and a 

contribution due to the thermal diffusion of heat across the mode field in the core at 
frequencies greater than 1 kHz and less than fRO. Although the boundary conditions at the 

fibre cladding-air interface affect the shape of the thermal noise spectrum, this noise is intrinsic 

to the fibre and cannot be significantly, reduced by design of the EFL. The noise spectrum 
shown in fig. 7.5 is thus thought to represent the fundamental noise limit in the EFL. However, 

since the noise sources are not quantum mechanical in origin, we shall show in sec. 7.8 how the 
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frequency noise can be reduced to below the thermal noise limit by locking the laser emission 

to an interferometer using cavity strain to impose the feedback signal. 

7.6 Suppression of the Intensity Noise Using Electronic Feedback to the Pump Diode 

Current 

7.6.1 Intensit, y noise suppression techniques 

The DFB fibre laser exhibits a relaxation oscillation peak typically around a few hundred 

kiloHertz, which must be suppressed if the laser is used to interrogate high performance fibre 

interferometers. Two techniques exist for the suppression of intensity noise, those based on 
injection locking of the laser and those based on use of an electro-optic feedback loop. These 

can be implemented separately or simultaneously [7.49,7.51]. The injection locking technique is 

a well-understood method, which involves injecting the light from a low power master laser, 

with the required spectral characteristics, into the cavity of the slave laser. The spectral 

properties of the master laser emission will take on many of the properties of the slave laser, 

including to some degree linewidth and intensity characteristics [7.44-7.47]. The electro-optic 
feedback loop involves detecting a small portion of the laser field, applying appropriate gain 

and phase-shift and using the resulting signal to modulate the intensity of the pump. This 

technique has been demonstrated with several lasers, for example: the diode pumped non- 

planar ring laser [7.48-7.50], the solid state Err': Yb'+ glass laser [7.51-52,7.7], the Er"' doped 

DBR laser [7.19] and the Er3+ doped DFB laser [7.33]. The intensity modulation response of 

the Nd: YAG ring laser and the Er'+ doped lasers are very similar and resemble that of an 

underdamped harmonic oscillator. The feedback circuit design for both of these lasers is 

therefore very similar. In the case of the Er3+: Yb3+ laser, the presence of the codopant 
introduces a single pole roll-off in the modulation response at around 1 kHz, due to the energy 

exchange process between the Yb3+ and the Er3+ ions. The response of the feedback loop must 

therefore be modified to account for this. 

In this section we discuss the design of the electronic feedback technique for the Er", doped 
DFB laser. We choose this technique over the injection locking technique due to its simplicity 
and compatibilitywith the frequency modulation techniques discussed later on. The principle of 
this technique involves detecting a portion of the laser emission field, shifting its phase by 180° 

and using this signal to modulate the pump intensity. The design of the feedback loop is 

complicated by the fact that the phase response of the laser power modulation undergoes a 
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180° phase-shift at the relaxation oscillation. The design aim is therefore to ensure that the 

phase lag between the unity gain points of the open loop transfer function does not exceed 

360°, in order to ensure loop stability. We test this criterion by the use of Bode and Nyquist 

plots, as described in [7.54]. The basic component of the feedback loop is a proportional- 

integral-derivative (PID) controller, which has been used in previous reported examples [7.47, 

7.19,7.33]. It will be shown that the main challenge is in optimising the modulation response of 

the pump diode. Many commercially available low noise current sources incorporating 

modulation inputs do not provide the required bandwidth for this type of feedback loop. For 

this reason, we used a conventional power supply and injected the modulation signal at the 

output of the power supply. However, this requires incorporating series inductance in order to 

increase the input impedance of the low impedance power supply which itself affects the 

modulation response of the pump diode and must be compensated for. 

We shall show in chapter 8, that the primary mechanisms giving rise to intensity noise are pump 

power fluctuations driving the relaxation oscillation and cavity loss modulation. However, the 

stochastic variation in the photon flux of the laser emission gives rise to shot noise when the 

laser emission is detected. The quantum nature of this noise results in a fundamental limit on 

the suppression achievable in an electro-optic feedback loop system. It can be shown that the 

maximum level of suppression achievable, in the absence of saturable absorber losses, is 3 dB 

above the quantum noise generated in the feedback loop photodiode [7.44]. Our primary aim 
here is to achieve suppression of the RIN to around -120 dB. Hz"', which is typically required 
for high performance interferometric sensors. 

7.6.2 E4erimental set-up and circuit design 

The experimental set-up for the RIN suppression circuit is shown in fig. 7.6. The laser is 

pumped with a 980 nm grating stabilised laser diode, which delivers approximately 100 mW of 

power to the fibre laser. The pump power exiting the fibre laser then pumps an El? " amplifying 

section, which amplifies the laser power to a few mW. The output of the power amplifier is 

split with a directional coupler. 10% is delivered to the feedback photodiode and the remainder 
is detected on the out-of-loop detector used to make the RIN measurements. The detector in 

the feedback loop is a TIT (Model TIA-500) InGaAs photodiode with an integrated 

transimpedance amplifier (RL =14X10'92). 
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Figure 7.6: Experimental set-up for RIN reduction 

A linear system block diagram of the feedback loop is shown in fig. 7.7. We can separate each 

component of the feedback loop and characterise their amplitude and phase response using the 

complex transfer functions, H(f) and G(f). Thus, if H(f) represents the linear product of 

the complex transfer functions of the current source modulation, pump laser, EFL and 

photodiode such that H(f) =H 1(f) "H2p (f) "H3y (f) " 
T14(f)and G(f) is the complex 

transfer function of the PID controller, then H(f) "G(f) is the open loop transfer function. 

The subscript P denotes that the transfer function is in terms of optical power. The feedback 

circuit must therefore be designed such that to ensure stability [7.53], 

H(f)"G(f)<-1 (7.17) 

It thus follows that the quantity 180 - LH (f) " G(f) is the phase margin. 
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The control electronics is based on the Analog Electronics AD8047 voltage feedback amplifier, 

chosen for its high bandwidth, and is shown in Appendix 2. The PID controller comprises 

separate proportional, integral and derivative amplifiers, which are summed together to form 

the controller signal. This is then followed by three amplifier stages, which are used to add 

some control to the phase response of the modulation signal applied to the laser diode. 

Without this control, shunt capacitance associated with the power supply connection caused a 

significant lag in the phase of the modulation response of the laser diode at frequencies above 
100 kHz. Finally, a coupling capacitor (22 µF) is added to AC couple the modulation. This 

ensures that the dc laser power is not affected by the feedback loop. We can determine the shot 

noise limited RIN from, 

(2hvAf)2 
RIN,,, (7.18) 

The power detected on the feedback photodiode was 600 µW, thus the quantum limited RIN is 

about -149 dB. Hz"'. The modulation response, H 3, (f) 
, of the EFL is shown in fig. 7.8. 
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Figure 7.9: Primp modulation response, H 1(f) " 112 p (f ) 

The relaxation oscillation occurs at 310 kHz, at which point a 180° shift is observed in the 

phase response, as expected. The corresponding modulation response of the laser diode and 

drive electronics, HI(f) "H 2P (f) , measured from point B round to C in fig. 7.6, is shown in 

fig. 7.9. A lag in the phase of the modulation is observed at frequencies above 100 kHz. This 

has been partially compensated for by incorporation of a differentiating stage in the drive 

electronics to provide some phase advance. As a result, the amplitude of the modulation is seen 

to increase above this frequency. The loop was then closed and the gain and phase were 

adjusted until maximum suppression of the relaxation oscillation was achieved. The Bode plot 
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of the open loop transfer function, measured from point A back to point A, is shown in fig. 

7.10. 
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Figure 7.10: Bode plot of loop transfer function 
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Figure 7.11: (a) Nyquist plot of loop transfer function 
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Figure 7.11(cont): (b) Nyquictplot of loop traniferfunction showing instability point (-1,0) 

At the relaxation oscillation, the loop gain is approximately 32 dB and the unity gain points 

occur at 150 kHz and 550 kHz. The stability of the feedback loop is best visualised using a 
Nyquist plot, which shows the real vs. the imaginary parts of the complex open loop transfer 
function. This is shown in fig. 7.11(a) where we have followed the convention of adding a 180° 

phase-shift to H(f) " G(f) 
, such that the instability point is at (-1,0). Stability is ensured if the 

instability point is not encompassed by the plot. The radial distance between the origin and a 

point on the plot is the open loop gain at that frequency. Thus, the extreme point of the plot 
from the origin corresponds to the relaxation oscillation frequency. Fig. 7.11(b) is an 

enlargement of the Nyquist plot clearly showing the instability point. The instability point falls 

outside the plot, thus inferring stability. Any point falling inside the unit radius circle centred on 

the instability point will experience an increase in noise at that frequency. Also, any point falling 

inside the unit radius circle centred on the origin corresponds to less than unity gain at that 
frequency. The level of suppression is calculated from the open loop transfer function using 
[7.54], 

S(f)=- 1 
1+H(. f)G(f) (7.19) 
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This is plotted for our feedback loop in fig. 7.12 and the measured RIN of the EFL with and 

without the loop closed is shown in fig. 7.13. 
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The maximum suppression is observed at the relaxation oscillation frequency and an increase in 

noise is observed at frequencies between 450 kHz and 1 MHz. The absolute level of RIN at the 

relaxation oscillation is -86 dB. Hz"1±2dB when the loop is open and -116 dB. Hz- +-2dB when 

the loop is closed corresponding to a suppression of 30 dB, which agrees with that predicted by 

(7.19). Increasing the gain of the feedback loop would also increase suppression; however, this 

was not possible with our set-up, since the loop would become unstable due to the increasing 

phase lag of the pump modulation response with increasing frequency (see fig. 7.9). 

Incorporation of extra phase advance in the form of a differentiator would not solve the 

problem in this case, since the upper unity gain point would be correspondingly increased. 

Thus, reduction of the shunt capacitance causing this phase lag, rather than compensation for 

it, would allow the loop gain to be increased. The increase in RIN at frequencies below 100 

kHz was attributed to excess noise originating from the power supply. Increasing the loop gain 

(and hence the suppression at low frequencies) would also reduce this noise. The phase lag 

above -450 kHz causes an increase in RIN above this frequency. 

7.7 Laser Emission Frequency Modulation 

Frequency modulation of the laser source is useful for implementation of passive interrogation 

techniques for fibre interferometers such as `phase-generated-carrier' (PGC), as discussed in 

chapter 2. In the PGC scheme, the frequency excursion required is dependent on the 

interferometer path imbalance. For example, for a fibre imbalance of 1m and using 

opgc = 2icnd 0v/c from section 2.9.2, yields a required peak frequency excursion, 

Av =82.8MHz to achieve o 
g, =2.6. Reducing the imbalance to l cm increases the required 

frequency excursion to 8.28GHz. Typically, the modulation frequency is set to less than 
100kHz dependent on bandwidth requirements. The frequency of the laser emission in the 
EFL is dependent on both the cavity length and refractive index. Modulation of the cavity 
length and refractive index can be achieved by either changing the temperature of the cavity or 

applying strain. 

Here we investigate the frequency modulation characteristics of the DFB EFL by. (i) 

modulation of the pump power and (ii) modulation of the cavity length by applying a strain 
from a piezo-electric element. We compare the characteristics of the EFL with those of the 

semiconductor laser-diode (LD). Frequency modulation of the semiconductor laser diode is 
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achieved by modulation of the injected current [7.55]; this also causes modulation of the output 

power. A figure of merit can thus be derived which expresses the ratio of the frequency 

excursion to the relative intensity modulation, ((P. dv)/dP). The characteristics of the 

semiconductor laser are taken as (d V/ di )SLD=5 GHz. mA"' and (dP / di)SLD =0.12 mW. mA7' 

which yields ((P. dv)/dP) =1042 GHz where P is the maximum operating power of the 

ID (taken to be 25 mVV) [7.55]. 

7.7.1 Frequency modulation by pump power modulation 
It is found experimentally that the emission frequency of the EFL is modulated by a pump 

power modulation. This direct modulation is potentially useful, and was investigated for laser 

IFL1221. The parameter (d vl dPP) 
EFL was characterised using the interferometric technique 

described in chapter 2 to measure the frequency excursion as a function of the pump power 

modulation. The emission from the EFL was launched into a Mach-Zehnder interferometer 

with a 100m fibre path imbalance. Balanced detection was used to isolate the frequency 

excursion signal from any intensity modulation signal and a high gain-bandwidth feedback loop 

was used to maintain the interferometer at quadrature. The source from an HP 89410A Vector 
Signal Analyser generated a modulation signal to add to the pump diode current. A frequency 

response measurement was then made between the modulation signal and the EFL emission 
frequency modulation. The result after removing the effects of the responses of the current 
source, pump diode and receiver is shown in fig. 7.14. 

Thus we find for this laser, (d v/dPP )EFL =5MHz. mW' ±10% at 1 Hz and 

(d v/ dP, )EFL =0.4MHz. mW' ±10% at 10 kHz. The maximum output power was 20 mW and 

the slope efficiency is taken from table 7.1 which yields a value of 
((P. dv)IdP)EFL =2.1GHz±10% at 1 Hz and 0.17GHz±10% at 10 kHz. Thus, the normalised 
frequency excursion in the EFL is between two and three orders of magnitude lower than that 
observed in the ID (1024GHz) when pump power modulation is used. 
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Figure 7.14: Frequency modulation vc pump power modulation 

There are two possible mechanisms that may give rise to this effect. Gain or loss modulation 
through pump power modulation, gives rise to a refractive index induced nonlinear phase-shift 

via the Kramers-Krönig causality principle. The change in the ground state population is linked 

to a change in refractive index, via this principle, due to the contribution the ground state ions 

make to the refractive index. This effect is quantified by the ratio of the real and imaginary parts 

of the refractive index, 

Ong 
An' (7.20) 

where An = An'+ iAn". It has been found that a =3-7 in semiconductor lasers [7.52] and is 

generally a significant effect, giving rise to the linewidth broadening factor. In the fibre DFB 
laser, the round trip gain is much lower and the magnitude of this effect is thought to be quite 
small, particularly at frequencies much lower than the relaxation oscillation frequency. A 

second, and more likely mechanism particularly at lower frequencies, arises through the self- 
heating of the fibre core due to non-radiative relaxations. When pumping at 980nm, the fast 

non-radiative transition 41112 -_ý 4113,2 will give rise to self-heating. Other potential 

mechanisms giving rise to heating are pump excited state absorption, UV induced lifetime 

quenching and ion-ion upconversion, particularly in heavily clustered fibres. Self-heating in the 
fibre core will cause heat to diffuse through the cladding, and the induced temperature change 
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will depend on a number of factors, such as the heat capacity of the glass, the diffusion time (or 

thermal diffusivity) of the glass, the heat transfer coefficient and boundary conditions at the 

cladding surface. The temperature induced frequency shift can be approximated at quasi-dc 
frequencies by solving the heat conduction equation at steady-state. In this case it is the Fourier 

equation, (4.11), with a heat source added, referred to as the general heat conduction equation, 

aT(r, t) a2T(r, t)+ 1 aT(r, t) 
= 

r1' bs (7.21) 
at är2 r är pczw2L 

where ý is the thermal diffusivity, p is the density, c is the specific heat capacity of silica, w 

is the mode field radius of the pump, Pb, is the absorbed pump power, L is the length of 

doped fibre, and 17 is the fraction of absorbed power turned into heat. Note that in order to 

arrive at (7.21), we have neglected axial heat flow. The fibre dimensions imply that axial heat 

flow would contribute negligibly to the overall heat flow compared with radial heat flow. We 

assume that the fibre is unjacketed and later consider the effect of adding a jacket. We also 
assume that the heat generated is proportional to the injected pump power (which we know is 

valid from the linearity of the laser signal power with pump power). We shall ignore the axial 
dependence of the pump power since the doped fibre is short and the pump absorption is 

generally low, thus the axial temperature profile is assumed constant. This is possibly a crude 
approximation since it has been found that in DFB Era+: Yb3+ fibre lasers, the number of 
absorbed pump photons is spatially related to the mode intensity [7.62]. Hence, the axial 
temperature profile is related to the longitudinal mode profile. The magnitude of this effect in 

the Er'+ fibre laser is not known, but since the pump absorption is generally low, we shall use 
this approximation. The steady-state temperature profile can be found by setting ä/ cat =0 in 
(7.21) and solving using the boundary conditions requiring continuity of temperature at the 
core-cladding interface and energy conservation at the fibre surface. A simple expression has 

been derived in [7.59] for the steady-state temperature profile in the cladding for rZr, 

OTs, (r) = 
n1nbsa 

21_ hr, 
In r 

(7.22) 2hrL rw2 K8 r, 
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where a is the core radius, h is the heat transfer coefficient between the core and surrounding 

air, r is the cladding radius and Kg is the thermal conductivity of glass and we have used the 

relation, ý= Kg / pc. The heat transfer coefficient was determined in [7.59] for the case of an 

infinitely long rod, cooling in air at 20°C. For small temperature changes it was shown that h 

can be approximated by, 

h(ET -> 0) = 0.20KQ / r2 (7.23) 

where Ka is the thermal conductivity of air. To calculate the induced temperature change in the 

core, (7.22) can be evaluated at the core-cladding boundary. We find that the second term in 

(7.22) is typically 2% of the first and thus using (7.23) the steady-state temperature in the core is 

approximated by, 

ATss-core 77 bsa2 (7.24) - 0,4KQýw2L 

and is thus independent of the fibre diameter. Finally, we must determine the fraction of 

absorbed power turned into heat. Considering only the fast 4111/2 4113/2 transition as a 

possible heat generation mechanism, thus results in 77=(1-980/1550)=37%. It follows 

therefore, that for an ideal laser (i. e. one pump photon generates one signal photon), we should 
find that the total laser power, P, _ (980 / 1550)Pab, = 0.63P.,,,. In fact, we find for our laser 

that P, =400µW for Pp =100mW and Pb, 
,=0.05 

PP for L =100mm. This corresponds to 

-92% of the energy being lost to other mechanisms. Some of this energy will be turned into 

amplified spontaneous emission and the green fluorescence emitted from these lasers. For our 

calculations we shall take 77 =0.5 as a worst case. The temperature induced frequency shift is 

thus given, 

O yss 
_v 

tan 
ATS-Core -n äT p+ 

aL (7.25) 
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Taking values of 
nI 

an 
aT + aL =5.2x 10-6K', as =1550nm (v, =c/ ii., ), a =3.5µm, 

P 

w =2.5µm, 1C a =2.54x 10"ZW. (m. K ' at 293K, Kg =1.38W. (m. K 1, i7=0.5 and assuming a 

pump modulation of 1 mW, 5% absorbed power in 100mm long doped fibre, yields from 

(7.24) and (7.25) zvs, /AP, =16MHz. mW 1, corresponding to AT,, /AP, =15mK. mW'. Thus, 

this effect can account for the observed levels of pump induced frequency modulation. 

So far we have considered only a bare fibre. Applying a jacket or coating to the fibre is likely to 

result in a longer time required for the fibre to reach steady-state temperature due to the fact 

that KK for most polymers is between 0.12 and 0.23W. (m. K)'' compared with silica glass which 

is 1.38W. (m. K)'1. The presence of the jacket will not significantly change the steady-state 

temperature reached, according to (7.22), since this is controlled by the heat transfer coefficient. 

It will only modify the temperature profile across the fibre. Thus, the overestimate of the 

frequency excursion by (7.25) compared with our measurement at 1 Hz (5MHz. mW 1) may be 

due partly to the fact that steady-state temperature is not reached at this frequency as well as 

errors in the assumed fibre parameters and 17. 

For implementation of a passive interrogation scheme for an interferometric sensor, it is 

necessary to achieve several MHz frequency excursion at several tens of kHz. Thus a more 

efficient frequency modulation mechanism is required. 

7.7.2 Frequency modulation by cavity strain 

Applying a strain to the laser cavity will modulate the frequency of the laser emission. This has 
been implemented by bonding the laser cavity along the length of a lead-zirconate titanate tube 
(PZT5h), as shown in fig. 7.15. A thin layer of epoxy resin was used to bond the fibre to the 
tube (40mmx10mmxlmm), which ensured high strain transfer. The strain responsivity of the 
EFL is expected to be similar to that of an in-fibre Bragg grating [7.56], such that, 

1 dv 
_078 v del (7.26) 
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Figure 7.15: EFL bonded to pieýo-eleihzr tube 

The frequency modulation response was characterised using an interferometric tcchniyuc. '1'hc 

laser emission was launched into an interferometer with a path imbalance of 100m and a 

sinusoidal modulation was applied to the laser PZT. By observing the resulting fringe pattern 

on a spectrum analyser, the voltage required to achieve a phase excursion of 2.6 rails (i. e. such 

that the amplitude of the first and second order Besse[ function compune"nts of the 

photocurrent are equal, J, (0) = J2 (0) 
, as described in section 2.9.2) could be found. 1 "r(, m 

this, the frequency excursion scale factor, dv/ dV 
, was calculated. The strain induced 

frequency modulation response at frequencies up to 65 kl {z is shown in fig. 7.16. 
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Figure 7.16: Strain induced Jrequem) 'nod/ilatllm response o/ I :1f. 
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Up to 15 kHz, the frequency modulation response exhibits a constant off-resonance scale 

factor of -22 MHz. V1±10%. The longitudinal resonance of the PZT tube increases the scale 
factor to 623 MHz. V'±10% at 36 kHz. To first order, only resonance's that generate 

longitudinal strain (through the Poisson's ratio of the PZT material) in the PZT tube will 

generate strain in the fibre. The linearity of the modulation technique exceeded the dynamic 

range of the interferometric measurement ('90 dB). It was found, however, that strain applied 
in this way caused a modulation of the intensity of the laser output. This was characterised by 

directly detecting the laser output on a photodiode, and carrying out a frequency response 

measurement between the photocurrent and the modulation signal applied to the laser PZT. 

The result is shown in fig. 7.17 expressed in terms of the scale factor between the relative 
intensity modulation and applied voltage, dP I (P. dV) . 
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Figure 7.17 (cont): (ii) Relative intensity modulation induced by tone applied to larerPZT 

Upon measurement of dP /(P. dV) it was found that the intensity modulation induced by 

cavity strain was highly non-linear and the induced relative intensity modulations exhibited 

temporal variations. The intensity modulation induced from a single tone (corresponding to a 
Ov =3. IMHz) applied to the laser cavity is shown in fig. 7.17(ii). The amplitudes of the 

harmonics were found to fluctuate unpredictably with time. To obtain the plot shown in fig. 

7.17(1), the intensity modulation resulting from excitation of the cavity strain by a chirp signal 

was measured for each decade. A peak-hold measurement was carried out to obtain fig. 7.17(1) 

and therefore represents a worst case for this laser. 

We can derive the figure of merit from the intensity modulation scale factor, 

dP /(P. dV) =2.1 x 10-3V"1 and dv/ dV =22MHz. V' yielding, (P. d v) / dP =10GHz. This is 

approximately two orders of magnitude lower than that observed in the LD (1024GHz). 

The primary cause of this effect can be linked to the frequency dependence of the effective 

mirror reflectance which leads to cavity loss dispersion, for a non-ideal fibre laser (i. e. a DFB 

fibre laser with a phase-shift not equal to exactly ; r/2). This effect can be understood by 

considering the cavity loss due to the mirror transmittance, M, and roundtrip phase, 0, for a 

DFB fibre laser with a 9l' /2 phase-shift in the centre. 
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In fig. 7.18(1) we plot the cavity loss due to the mirror transmittance, M, as a function of the 

detuning, AV, for a grating with KL =9.1. The detuning is defined as the frequency deviation 

from the frequency corresponding to the minimum cavity loss. The roundtrip phase, O,,, is 

shown in fig. 7.18(ii). 
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Figure 7.18: (i) Cavity loss, (ii) cavity roundtrip phase and (iii) loss dispersion induced relative intensity 
fluctuation for an ideal 50mm, 2r /2 discrete phase-shifted EFL (KL =9.1) 
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Lasing will occur at the wavelength corresponding to zero roundtrip phase-shift (. e. O� =0). 

Therefore, for an ideal 'r /2 phase-shifted grating, the loss dispersion is zero, to first order. 

However, when the phase-shift is -)r /2+ AO, / 2, the lasing wavelength is shifted to a lower 

frequency. This is shown in fig. 7.18(i) and (u), for the case of 0O� =0.2it, corresponding to a 

detuning, Av =-1 GHz. The loss now becomes frequency dependent. The quantity P. dV / dP 

is given by calculating M. dvldM and is shown in fig. 7.18(ii). This illustrates that a phase- 

shift error of, 0O� /2 =O. 1 n will lead to P. d v/ dP = 5GHz. 

We do not know the exact grating strength for IFL1221; however, if it is assumed to be equal 

to the grating strength used in our example then only a AO, «0.1xc is required to account for 

the observed effect. If a temperature profile exists across the length of the EFL (as suggested in 

the previous section), then low frequency fluctuations in pump power may locally modulate the 

refractive index by an amount related to the temperature profile. This may lead to localised 

modulation of the magnitude of the phase-shift, which would modulate the centre wavelength 

of the laser and hence give rise to the observed temporal variations in induced intensity 

modulation. Finally, as the modulation frequency approaches the relaxation oscillation, the 

magnitude of the intensity modulation will be further amplified; ultimately leading to laser 

instability. A RIN suppression circuit of the type described in sec. 7.6, will counter this effect to 

some degree. 

In summary, we find that the most effective method of frequency modulating the EFL is 

through cavity strain; however, as with the pump power modulation method, this gives rise to 
intensity modulation due to the presence of cavity loss dispersion. The magnitude of this effect 

may be reduced by ensuring that the grating phase-shift is very close to r /2 
. For the case of a 

grating strength, xL =9.1, the phase-shift must be within 7r /2±0.0047r /2 (equivalent to a 

detuning of less than ±0.04GHz) in order to achieve a lPdv/dPI 
--1000 GHz (equivalent to 

the semiconductor DFB laser). 

The modulation parameters are summarised in table 7.2. 
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Table 7.2: Summary of laser frequency modulation parameters 

Laser 
Pd y Scale factor 
dP 

Semiconductor DFB 1024 GHz 
d 

=5 GHz. mA"' di 

MHz. mW"' EFL (Pump modulation) 0.17-2.1 GHz 
d PP P 

EFL (Strain induced) 10 GHz 
dv 

=22 MHz. V"1 

7.8 A Distributed Feedback Fibre Laser in a MOPA Configuration with Frequency 

Noise Reduction16 

We now describe a technique to suppress the frequency noise by locking the EFL emission to a 

fibre interferometer. A feedback signal is applied to the laser cavity through a piezo-electric 

element onto which the fibre laser is bonded. The frequency noise is thus reduced by applying a 

compensating strain to the laser cavity. To demonstrate both low frequency and intensity noise, 

we have also incorporated a low frequency RIN suppression circuit. 

A DFB EFL (supplied by Koheras Denmark) with an emission wavelength of 1542.17 nm was 

used as the master-oscillator. It exhibited single-polarisation mode output through the 

application of a birefringent phase-shift to the grating during manufacture'. The EFL was 

incorporated into a MOPA configuration as shown in fig. 7.19. It was pumped with a grating 

stabilized, 979.7nm pump source (Nortel LC92F) which delivered -100 mW of power to the 

EFL. The pump current was generated by an ultra-low noise current source (ILX Lightwave, 

LDX-3620), which also allowed a modulation signal to be added to the pump current for the 

intensity noise suppression. The EFL produced 127 µW to the amplifier input (measured after 

the first isolator) and 200 µW from the other output. The difference here was due to 

differences in splice and component losses and a slightly. off-center phase-shift in the grating, 

causing an asymmetry in the output power. The two WDM's after the laser allowed the residual 

pump power to bypass the 1550 nm dual-stage isolator (ISO), which exhibits high insertion loss 

at 980 nm, and be delivered with negligible loss to the amplifying section. The power-amplifier 

16 This section is a transcript of the paper "Frequency noise reduction in erbium doped fiber DFB lasers using electronic 
feedback" submitted for publication in Optics Letters. 
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consisted of 4m of erbium doped fibre (EDF) and was characterized to provide a gain of 
3.8dB. m 1. This amplified the EDFL emission to 5.8 mW, measured after the second dual-stage 

isolator. An OSNR of 39 dB was achieved, measured in a 0.07 nm bandwidth, as shown in fig. 

7.20. Two directional couplers were spliced to the MOPA output to allow light to be tapped off 
for each feedback and measurement component. To demonstrate both low frequency noise 

and intensity noise from this laser, a pump feedback circuit was also incorporated to reduce the 

low frequency relative intensity noise (RIN). Ibis used one MOPA output to generate an error 

signal, which modulated the pump current out of phase with the intensity noise. Another tap 

was used to conduct out-of-loop intensity noise measurements and light from the remaining 

tap was launched into the locking interferometer described below. The RIN suppression circuit 

was based on a proportional-integral (PI) feedback controller of a similar type to that previously 
described. The time constant of the integrator was set to 0.1 ms and the error signal was 
delivered through the modulation input of the current source. Finally, light from the spare 

output of the EFL was launched into the measurement interferometer. This was used to 

conduct independent frequency noise measurements. 

PI Controller 

LJ. 

B 

Measurement 
MZI 

A 
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Figure 7.20: Optical spectrum of MOPA output 

The laser cavity was bonded along the length of a piezo-electric (PZT) tube of dimensions 

40mmx10mmxlmm with a thin layer of rapid cure epoxy resin, as shown in fig. 7.15. The 

locking interferometer consisted of a fibre Mach-Zehnder interferometer (NIZI) with a 100m 

fiber path imbalance. A high gain-bandwidth active homodyne feedback technique (shown in 

Appendix 7.1) was used to maintain the MZI output at quadrature and the feedback voltage 

generated by the homodyne electronics was applied to the laser PZT. This type of locking 

technique was favoured over other techniques due to the reduced sensitivity of the loop gain to 

variations in input power and polarisation. The combination of the integrator (time 

constant=1.95ms) and variable gain voltage amplifier allowed the loop unity gain point to be set 

to -10 kHz. A polarisation controller (PC) was also placed before the MZI to optimize the 
input polarisation. The MOPA laser and feedback MZI were placed together in an acoustically 
isolated test enclosure. A second MZI used the spare EFL output to make independent 

frequency noise measurements (referred to as the measurement MZI). This was placed in a 

separate acoustically isolated enclosure some distance away from the laser. 

7.8.2 Results and conclusion 

The RIN spectrum of the EFL is shown in fig. 7.21 (measured at point B) with and without the 
loop dosed. Note that 10dB has been added to the open loop RIN measurement to separate 
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plots. With the loop closed, the RIN is reduced to a minimum of -139 dB. Hz-'±2dB at 1 kHz 

(corresponding to lOdB±2dB suppression). The suppression is limited by photodiode amplifier 

noise (also shown, in fig. 7.21) below 1 kHz and loop gain between 1 kHz to 10 kHz. In our 

experiment the optical power on the photodiode was 700 µW±5% which yields a shot noise 
limited RIN of -154 dB. Hz', thus increasing the detected power would allow higher 

11 1 
suppression to be achieved if necessary. 
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Figure7.21: Intensity noise spectra 

The frequency noise of the laser with the loop open and closed is shown in fig. 7.22 (measured 

at point A). The left axis shows the phase noise spectral density produced in a 1M21 normalized 

to a1m fiber path imbalance [µrad. Hz'"l and the right axis shows the frequency noise spectral 
density [Hz. Hz-1/ J. 
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Figure 7.22: Frequency noise spectra and noise sources 

With the loop open, the free-running frequency(phase) noise of the EFL is 15Hz. Hz"/2±25% 

(0.5 µrad. Hz'1/2±25%) at 1 kHz and exhibits a "1 If ' type spectrum below -100 Hz and a noise 

spectrum believed to be due to the thermal noise in the laser cavity above 100 Hz. When the 
loop is closed, the frequency noise was reduced to 1.5Hz. Hz1/2±25% (0.05 µrad. Hz"/2±25%) 

at 1 kHz (i. e. a 20 dB noise reduction at 1 kHz). Increasing the gain of the voltage amplifier 
driving the laser PZT effectively increases the loop bandwidth. However, this tended to 
increase noise at higher frequencies since the bandwidth of the feedback loop must be 

significantly lower than any mechanical resonance of the PZT tube to avoid excess noise being 

added to the frequency noise spectrum due to excitation of these resonances. In the 

experimental set-up, the PZT tube exhibited a longitudinal resonance at 36 kHz (as observed in 
fig. 7.16), so adjustment of the locking MZI feedback loop bandwidth was included to ensure 
that no excess noise was added. Since the longitudinal resonance of the PZT tube 

approximately scales inversely with the length, an increase in the suppression bandwidth can be 

achieved by reducing the length of the PZT tube. This is made possible since the effective 
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cavity length in the DFB EFL is typically 10 to 20 mm. The EFL frequency was also found to 

be significantly less sensitive to mechanical perturbations, and was limited by the residual 

acoustic sensitivity of the locking MZI. The excess noise at 20Hz and between 30-70 Hz is 

likely to be generated from test equipment fans used in the measurements. The reduction in 

frequency noise suppression at low frequency (<100Hz) is most likely to be due to the acoustic 

sensitivity of the locking interferometer, even though the laser and MZI were contained in an 

acoustically isolated chamber. The spectral shape of the frequency noise when the laser is 

locked to the MZI is determined by the increasing phase margin of the feedback loop above 1 

kHz and by the residual acoustic sensitivity of the MZI at frequencies below 1kHz. The 

frequency noise of the EFL above 1 kHz is most likely to be limited by thermally induced 

refractive index fluctuations across the mode field in the fiber core given by (7.14). This noise 
level is plotted in fig. 7.22, assuming an effective laser cavity length of 12 mm and fiber 

parameters given in section 7.5.4. This result would indicate that we have achieved suppression 

of the frequency noise to -18 dB below the thermal noise limit. The thermal noise from the 
locking MZI is also shown in fig. 7.22. 

A known limitation of the active homodyne feedback technique is the need to reset the 
integrator for large frequency excursions, caused by changes in ambient temperature of the 
MZI or laser cavity, when the laser PZT voltage approaches the output rails of the integrator. 

For example, the dc scale factor of the laser PZT was measured to be -22 MHz. V1±20% and 

the maximum output voltage of the integrator was ±10V. Therefore, the feedback loop was 
able to track frequency excursions of up to ±220 MHz before a reset was required. Taking the 
temperature responsivity of the EDFL as 1. OGHz. K'', this corresponds to a maximum 
temperature fluctuation of the EDFL of ±0.22K, relative to the MZI. The isolation to 
temperature changes provided by the test enclosures resulted in no resets being required 
throughout the duration of the tests (a few days). It is also straightforward to include an 
automatic reset in the electronic circuit and to incorporate the MZI and laser into an 
environmentally controlled chamber. 

To summarise, we have demonstrated, for the first time, frequency noise reduction in an 
erbium doped DFB fiber laser in a MOPA configuration by phase locking the laser output 
emission to a fiber interferometer. We have shown that the frequency noise reduction 
technique has no effect on the intensity noise, when the intensity noise is greater than 
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-l20dB. Hz-1 and'achieves noise reduction to below what is thought to be the intrinsic thermal 

noise level of the laser cavity. The relative intensity noise spectral density of the laser was 

reduced to below -120 dB. Hz' over the frequency range 10 Hz to 10 kHz and the frequency 

noise of the laser was reduced from 15Hz. Hz"112 to 1.5Hz. Hz"112 at 1 kHz. This is believed to be 

the lowest frequency noise reported from an erbium-doped fibre Bragg grating laser to date and 

requires only low speed electronics to implement. 

7.9 Conclusions 

In conclusion, we have characterised the free-running performance (slope efficiency, frequency 

and intensity noise) of the Er3+ doped DFB fibre laser and discussed the origins of the 

observed frequency and intensity noise. We have shown that with appropriate packaging, the 

frequency noise can be reduced to the level thought to be determined by thermal effects in the 

laser cavity. We have described the detailed design of an electro-optic feedback circuit which 

reduced the intensity noise at the relaxation oscillation by 30 dB to -116 dB. Hz"1±2dB. We 

demonstrated a technique that would allow the frequency of the laser emission to be 

modulated. We also showed how this technique can be used to reduce the frequency noise of 

the laser by up to 18 dB below the limit set by cavity thermal noise, by locking the laser 

emission to an interferometer. By optimising and combining these techniques, this laser would 
be ideally suited as a high performance source for interrogation of interferometric sensors. We 

can compare lasers using the frequency noise data at 1 kHz from fig. 7.5 and 7.22. The 

frequency noise of the semiconductor DFB laser with(without) phase noise suppression is 

-'500Hz. Hz'/2 (10 kHz. Hz'/), for the diode pumped Nd: YAG laser is 20Hz. Hz- /' and for the 
fibre laser is 1.5Hz. Hz"112 (7 Hz. Hz"'/) at I kHz. Thus, for an interferometric phase 

measurement limited by frequency noise, we would expect a frequency dependent 

improvement in resolution of between 1 to 4 orders of magnitude with the fibre laser source. 
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APPENDIX 7.1: Homodyne feedback circuit 
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APPENDIX 7.2: RIN suppression circuit 
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Chapter 8 

INTENSITY NOISE CHARACTERISTICS OF ERBIUM DOPED FIBRE BRAGG 
GRATING LASERSt 

Abstract- In this chapter we investigate the intensity noise characteristics of erbium-doped 

DFB fibre lasers. We present an analytical model for the dynamics of the intensity noise in a 

linear fibre laser. We then describe the fabrication and characterisation of seven DFB fibre 

lasers and discuss their intensity noise characteristics with reference to our analytical model. 

Overall we find good agreement between the intensity noise characteristics of the lasers and 

that predicted by our model. In particular we find the intensity noise at frequencies close to the 

relaxation oscillation peak to be dominated by cavity loss modulation and we discuss possible 

origins of this mechanism. 

8.1 Introduction 

In the previous chapter we developed a technique based on active electronic feedback to 

suppress the relaxation oscillation peak induced intensity noise, which is necessary to 

achieve high-resolution interferometric measurements when the fibre laser is used as the 
interrogating source. In this chapter we shall investigate the underlying mechanisms that give 

rise to the relaxation oscillation and experimentally investigate the dynamics of the DFB fibre 

laser; in particular the dependence of the relaxation oscillation frequency, the relaxation 

oscillation quality factor, Q (i. e. relative bandwidth of the relaxation oscillation peak) and the 

relative amplitude of the relaxation oscillation peak on the grating and doped fibre parameters. 
An improved understanding of the mechanisms giving rise to intensity noise may allow us to 

optimise the design of the EFL in order to minimise intensity noise. 

The intensity noise of any laser is dominated by the relaxation oscillation frequency. In the 
DFB erbium fibre laser (EFL), this usually occurs at around a few hundred kHz. The rclaxation 

to re-edited version of this chapter will be submitted for publication in the IEEE J. Quantum 
Electronics. 
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oscillation frequency arises from the dynamic energy exchange process between the injected 

pump field and the laser signal field, the spectrum of which usually resembles an underdamped 

harmonic oscillator. Pump perturbations drive the relaxation oscillation and increase the 

intensity noise; however, in the absence of pump perturbations such as when the pump is 

operated in a sub-quantum regime (referred to as a squeezed state), the relaxation oscillation still 

occurs due to vacuum fluctuations. We shall find that in the DFB EFL other mechanisms are 

present, other than pump power perturbations, which generally result in an increase in the 

observed levels of relative intensity noise (RIN). 

A number of groups have investigated the dynamic properties of fibre lasers. Much of the early 

work involved understanding the underlying mechanisms giving rise to self-pulsation, which we 

shall discuss further in section 7.2. Other groups have developed models to predict the spectral 

shape of the relative intensity noise [8.1-6]. However, only the models presented in [8.3,4,6] 

include the effect of cavity loss modulation, which we shall find makes a very significant 

contribution to the observed RIN spectrum. Only limited experimental data for the DFB EFL 

has been presented in [8.3]. The data presented in [8.4] was for an Er. Yb glass laser. 

The chapter is set out as follows. In section 8.2 we describe our analytical model for the linear 

cavity fibre laser. In section 8.3 we describe the experimental characterisation of seven DFB 
fibre lasers. In section 8.4 we present the results from our characterisation experiments and use 
our analytical model to explain the observed levels of RIN. Finally, in section 8.5 we summarise 
our conclusions. 

8.2 Theory of Intensity Noise 

In order to accurately model the dynamic properties of the DFB EFL, it is necessary to 
numerically solve the laser rate equations combined with coupled mode theory, in order to take 
into account the spatial dependence of the photon density and excited state population. 

We described above how, in an ideal laser, the RIN is determined by the pump pcrturbations 
driving the relaxation oscillation. However, in the DFB EFL a number of other effects must be 
included in order to develop a comprehensive, model. We shall assume that the laser is 

operating in its fundamental mode. Operation of the laser with higher-order modes present 
results in high RIN levels due to the short photon lifetime and high sensitivity to back 
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reflection and should generally be avoided. We shall also assume that pump depletion is small 

and discuss the effects that have been found to influence the dynamic behaviour of the DFB 

EFL: 

(1) Spatial hole burning (SHB), local and global. Global spatial hole burning occurs due to the 

spatial dependence of the photon density centrally located about the phase-shift. In the 

case of the fundamental mode, the peak intensity occurs at the phase-shift and the 

intensity falls off exponentially on either side of the phase-shift [8.7]. As a result, the 

excited state population becomes depleted in the region of highest photon density. Local 

spatial hole burning occurs due to the standing wave pattern formed by the signal field 

within the periodic structure, since the phase is locked to the grating. Depletion of the 

excited ion population occurs in the regions corresponding to antinodes of the signal 

standing wave pattern, and a gain-grating is formed. The formation of a gain-grating is 

generally a weaker effect than that observed in semiconductor lasers due to carrier 
diffusion. These two effects cause a reduction of the round trip gain and a 

corresponding increase in the saturation power". The presence of strong SHB will also 

result in a reduction in the relaxation oscillation frequency, fRO 
, 

(uff Ampli: ed spontaneous emission (ASE): ASE seeds the lasing process and gives rise to the 
fundamental limit to the laser linewidth (the Schawlow-Towns limit). It's primary effect 
is to reduce the excited state population, n2 and is characterised by its associated 

lifetime, r2. It may also contribute to the loss modulation mechanism we discuss later. 

CHI) Unbleachable loss. This refers to any loss mechanism that is not dependent on the pump or 
signal intensity over typical practical parameter ranges. Examples are coupling losses 

such as splice losses which give rise to loss of pump and signal photons and fibre 

attenuation which can cause significant reduction in the signal photon density. The 
intrinsic attenuation of photosensitive fibres is generally higher than that of standard 
telecom fibre, such as SMF-28, particularly when the fibre has been hydrogen or 
deuterium loaded to increase its photosensitivity [8.8]. Erbium clusters (groups of Ers` 

17 Recall that saturation power is defined as the pump power required to achieve equal population of ground and excited Statcs. 
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ions participating in inhomogeneous ion-ion upconversion) have also been suggested as 

an unbleachable loss mechanism and give rise to a reduction in slope efficiency. 

(iv) Bleachable losses. These are loss mechanisms that exhibit a dependence on pump intensity 

and act as saturable absorbers. Proposed mechanisms giving rise to saturable absorber 

states are UV induced excited state lifetime quenching [8.9] and homogenous co- 

operative upconversion due to ion-pairs in high ion concentration fibres [8.12]. An 

excited state lifetime quenching effect has been observed in deuterium loaded Era+: Yb3+ 

fibre after UV exposure [8.9]. Although the mechanism giving rise to this effect is not 

well understood, its presence causes a loss of an excited ion that would have otherwise 

contributed to the population inversion and hence an increase in the laser threshold. 

Many early fibre lasers were found to exhibit self-pulsations [8.10], an effect linked to the 

presence of ion-pairs in highly doped fibres [8.11-13], which were shown to act as 

saturable absorbers [8.14]. In highly doped fibres, the spacing between adjacent Er", ions 

becomes sufficiently small such that they interact, in a process know as co-operative ion- 

ion upconversion. This process can be explained with reference to the energy level 

diagram in fig. 8.1. When two closely spaced ions are excited to the 4I13,2 level, transfer 

of energy from one ion to the other is likely to occur, resulting in one excited ion (the 

acceptor) being raised (or upconverted) to the 4'9/2 level and the other ion (the donor) 

returning to the ground state. The upconverted ion then rapidly decays non-radiatively 

back to the 4'13/2 level. The result is an effective loss of one excited ion that would have 

contributed to the population inversion. This process occurs more rapidly than the time 

taken for the population inversion to recover resulting in spiking or self-pulsation of the 

laser. A number of techniques to suppress self-pulsations were demonstrated such as 

resonant pumping [8.15-16], auxiliary pumping [8.17], phase-conjugated optical feedback 

[8.18] and Yb3+ codoping [8.19-20]. However, the reduction in ion clustering by Al co- 
doping of the erbium-doped fibre became an effective and simple technique to reduce 

self-pulsations [8.21]. 

(v) Grating imperfections It has been shown in [8.22] that grating imperfections can cause an 
increase in the threshold of the fundamental mode and a reduction in threshold of 
higher order modes. Grating imperfections will give rise to a reduction in signal photon 
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density and also cause a reduction in slope efficiency. According to [8.22], grating 

imperfections such as linear, quadratic chirp and discrete phase errors will all cause an 
increase in the fundamental mode threshold and a decrease in the higher-order mode 

threshold. However, possibly the most significant is due to random fluctuations in the 

fibre diameter, which was shown to cause a significant decrease in higher-order mode 

threshold and increase in the fundamental mode threshold. 

(vi) Dualpolarisation modes: The small amount of birefringence that exists in standard telecom 

optical fibre results in the possible existence of two orthogonal polarisation modes 

within the DFB cavity. They are typically spaced around a few GHz apart in frequency 

and may exhibit different thresholds and hence different relaxation oscillation 

frequencies. Suppression of one polarisation mode is possible by writing a polarisation 

dependent grating or "a polarisation dependent phase-shift by post-processing [8.23J or 

by twisting the fibre [8.24]. 

(vii) Back-reflection: Randomly phased back-reflection into the laser cavity may give rise to laser 

instability and hence an increase in the RIN. The effects of back-reflection into the EFL 

have been investigated in [8.25]; however, we shall assume here that sufficient isolation is 

present to suppress back-reflection. 

(viii) Non-linear refractive index The peak intensity in a DFB fibre laser occurs around the centre 

phase-shift and in some cases can be sufficiently' high to induce nonlinearity in the 

refractive index. Generally, in the EFL, the peak intensity is not high enough for this 

effect to be significant and we include it here only for completeness; however, in an 
Era+: Yb3+ fibre laser, the peak intensity is generally an order of magnitude higher. It was 

suggested in [8.26] that this effect would lead to self-pulsation and deterministic chaos 
for sufficiently high nonlinear refractive index. 

To model the dynamic properties of the DFB EFL we choose an analytical model based on the 
laser rate equations, which allows us to determine analytical expressions for the important laser 

parameters. This approach prevents us from incorporating a number of effects peculiar to the 
DFB EFL such as spatial hole burning and grating imperfections. However, what we loose in 

accuracy we gain in physical insight, since we are able to determine closed form expressions and 
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hence derive the dependencies on the various laser parameters. The approach we have chosen 
has also been applied to Er3+: Yb3' glass lasers and demonstrated good accuracy [8.4]. 

Our primary aim is to determine the most significant effects giving rise to the observed levels 

of RIN and for this reason we include only the effects of pump perturbations driving the 

relaxation oscillation, spontaneous emission and a cavity loss modulation mechanism in our 

model. For now, we shall assume a cavity loss modulation mechanism is present and not 

concern ourselves with its cause. In the results section we shall discuss possible causes of this 

effect and also discuss the effects of neglecting SHB and bleachable losses. 

The rate equation approach will break down when the laser intensity noise levels are very low 

and approach the quantum limit. However, for most practical lasers this is not the case and 

noise levels are generally much higher than the quantum limit, thus this approach should 

provide an accurate description. We assume that the laser active medium is homogenously 

broadened and that the erbium medium can be modelled as a quasi 2-level system, which has 

been shown to be a good approximation for erbium pumped at 980nm or 1480nm [8.27], 

although we shall restrict our discussion here to 980nm pumping. The rate equations can be 
derived from the energy level diagram shown in fig. 8.1. The parameters we shall use in our 
model are summarised in table 8.1. 

Table 8.1: Definition of terms 

Symbol Unit Value Description 
W S-1 Absorption/emission rate 
z3 s �10 µs, 4I1v2 lifetime 

z2 s 10.5 ms 413/2 lifetime 

n, Steady-state fractional ground-state ion density 
n2 Steady-state fractional excited ion density 
qo m3 Steady-state cavity signal photon density 
WP S-1 Steady-state pump rate 

yo Cold-cavity loss (i. e. cavity loss neglecting loss 
due to active medium) 

Sn2 (t) m3 Excited ion density perturbation 
Sq(t) m-3 Cavity signal photon density perturbation 

öW (t) m3 Pump rate perturbation 
Sy(t) - Cavity loss perturbation 
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Table 8.1 (cont): Definition of terms 

Symbol Unit Value Description 

c m. s' 3x108 Light velocity in a vacuum 
n 1.465 Fibre core effective refractive index 

w m Mode-field radius 
j`pla Pump/signal overlap factor 

No ni 3 6.9X 1024 Total ion density 

Ql m2 Pump absorption cross-section 

QZ m2 Signal emission/absorption cross-section 

s Cavity photon lifetime 

0RO rad. Hz Relaxation oscillation angular frequency 

p P mW 100 Pump power 

P, 
-. Out mW Signal output power 

M Effective mirror transmittance 
Aplt m2 2zw2 Pump/signal mode effective area 

L m 11K Effective cavity length 

K M71 151 Grating coupling coefficient 
L m 50 Grating length 
h J. s 6.63X107m Planck's constant 

yp/s Hz Pump/signal frequency 

AP nm 980 Pump wavelength 

go Small-signal gain 

4 I9/2 

4 
Z3 

111/2 

Z2 
4 I13/2 

E 
WA 

"º 
IV 

. 
4115/2 

1.3 C< Z2 

Figure 8.1: Energy level diagram for Er' including upconversion transition 

Referring to fig. 8.1, an incident 980nm pump photon causes a transition from the ground state, 
4 115,2 to the 4111,2 level. This is followed by a rapid, non-radiative relaxation to the metastable 
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4 '13,2 level and either a stimulated or spontaneous radiative relaxation back to the ground state. 

The rates of these three transitions are denoted W,, 
, 

WE and I/ r2 respectively, where T2 is the 

metastable level lifetime. For a pump wavelength of 980nm (or 1480nm), and for a silica host 

glass, pump excited state absorption is generally negligible. However due to the large 

absorption cross-section at the signal wavelength, a direct transition from the ground state to 

the metastable state through the absorption of a signal photon is likely. The rate of this 

transition is denoted, WA. Thus, the rate equations in terms of the fractional excited ion 

density, n2, and cavity signal photon density, q, are given by [8.28], 

dn2 
_(1-n2)(Wp+WA)-n2(WE+11 T2) (8.1) 

dt 

dq 
=WENon2 -(1-n2)WANO -i (8.2) 

where the terms on the right-hand-side (r. h. s. ) in (8.1) correspond to the increase in excited ion 

density due to pump absorption, the increase in excited ion density due to ground state signal 

absorption and the decrease in excited ion density due to stimulated and spontaneous emission 

at the signal wavelength, respectively. The terms on the r. h. s. in (8.2) correspond to the increase 

in photon density due to stimulated emission, decrease in photon density due to ground state 

absorption at the signal wavelength, and decrease in photon density due to cavity loss (r, is the 

cavity photon lifetime). To simplify the analysis, we shall assume that the signal absorption and 

emission rates are equal (WA = WE ), thus (8.1) and (8.2) become, 

dn2 
=Wp (1-n2)-qr9 (2n2 -1)- 

2 (8.3) 
T2 

dq 
=gNorq(2n2-1)-T (8.4) 

where we have substituted WA = WE = rqq and the pump rate, Wp =FPoj/ hv'A". N. is 

the total ion concentration, a, and 02 are the pump absorption and signal 
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absorption/emission cross-sections respectively, AP is the effective area of the pump mode, c 

is the light velocity in a vacuum, n is the effective core refractive index, I' is a mode overlap 

factor and r, = c0 2/n. 

The steady-state solutions of the rate equations can be derived by setting d/ dt =0 in (8.3) and 

(8.4) and solving for n2 and q such that, 

1 
n2 =1 1+ 

Nz 
(8.5) 

o rq 

q 
N2c [wp 

1 
Nz z 

1+z (8.6) 
orq c2 Norq c 

The cavity photon lifetime is defined as [8.29], 

Tc=nLe/cyo (8.7) 

where yo is the logarithmic cavity loss. By defining an effective mirror transmittance, M, and 

assuming that cavity loss is due to mirror transmittance losses only, then yo =- log, (1- M) 

and yo =M for M«1. The output power is therefore, 

P-ot =RT, Arohvsc/n (8.8) 

and the threshold pump power is given by, 

hypAp (1+1/No7 r, ) 
Pa-tn = rpCIT2 (1-1/Norgr. ) (8.9) 

We note here that PP_th =0 if we neglect spontaneous emission. Finally, the slope efficiency, 

ks, 
oPe - 

dPs-ou, 
_rsrp 

As NOLecl Vs 1- 1 
(8.10) dPp Ap 2 vp Nor9zý 
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Thus the slope efficiency is proportional to the total ion concentration, No, effective cavity 

length, Le 
, pump cross-section, Ql and ratio of the laser signal and pump frequencies, Vs / v.. 

To determine the dynamic behaviour of n2 and q in the presence of small perturbations of the 

pump rate and cavity loss such that, 

WP(t)=WP+öW (t) IvYYp(t)I'CWp 
(8.11) 

n2 (t) = n2 + 3n2 (t) I8n2 (t)I << nZ (8.12) 

q(t) = qo + Sq(t) I Sq(t)I 4 qo (8.13) 

Y(t)=Yo+SY(t) ISY(t)I'YO (8.14) 

we substitute (8.11)-(8.14) into (8.3) and (8.4), and remove the steady-state terms [8.30]. Taking 

only first-order terms, the expression for the signal photon perturbations due to pump power 

and cavity loss perturbations is, 

d3SqA1 d 
+A4A3dSq_A2A4dbý4VP_Aýdsy_Ad2Sy X8.15) dt 3 dtF dt dt dt dt2 

The affect on the signal photon density due to pump perturbations and cavity loss are 
independent from each other and therefore (8.15) can be separated into two equations; one 

relating the signal photon density, Sqw, to the pump fluctuations and one relating the signal 

photon density, 8qr 
, to the cavity loss such that, 

d38gWP d28gWP d8gw, dfiWp 
. 

dt3 
+A 

dt2 
+AaA3' 

dt =AiA4 dt 
(8.16) 

d 38gr 
+ Al 

d 2Bgr 
+ A4A3 

d 8q 
=-AA5 

d 8y 
- As 

d 215y 
8.1 dt dt dt dt dt2 7) 
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For clarity we have introduced five constants, Al to A5 which are dependent on the laser 

parameters and are defined in Appendix 8.1. Taking the Laplace Transform of (8.16) and (8.17) 

we can determine the closed loop transfer functions for the photon density fluctuations 

assuming harmonic perturbations. Thus, by using the fact that d" /dt" = s" where s= i2, r f, 

(8.16) and (8.17) can be expressed as, 

8qw / qo 
_ 

AA4 
H°(f)-5wwIWP 

s2+4s+A4A3 
(8.18) 

= 
As(A, +s) H, ctý= 

sy/yo s2+4s+A, A3 
(8.19) 

where HP (f) and H, (f) correspond to transfer functions for the pump perturbations and 

loss modulation respectively. Note here that the parameters qo and yo have been absorbed 

into two new parameters AZ and A;. Also, we note here that (8.16) is, of course, the equation 

describing a damped, forced harmonic oscillator18. It can be shown that the natural frequency is 

the relaxation oscillation frequency given by, 
, 

1/2 

(ORO = In _ wv Nor, _1 Nor4 +71 (8.20) 
Tý T2 Tý 

In the case of the DFB fibre laser, with a centrally located phase-shift in a uniform grating, the 

effective mirror transmittance, M=4 exp(-KL) when KL » 1, where L is the grating length, 

and effective cavity length, L, =1 /K (cf. sec. 7.2). The small-signal gain, go, assuming unity 

inversion, is given by F, Noc2L, and if we assume the cavity loss to be due only to loss through 

the mirrors, a further simplification for CoRO can be made since go / yo »1 when KL>6 and 

assuming the strong pump regime. In this case (8.20) becomes, 

I/2 
WRO =(tiwwNor. ) (8.21) 

18 Ths is the same form of the equation as that used to describe the motion of the flcxural disk accclcttmictct in charter 3. 
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Thus, the relaxation oscillation frequency is proportional to (WP vx 
which agrees with our 

measurement on IFL1221, shown in fig. 7.4(). The RIN is therefore given by, 

RIN(f)=I HP(f)12 WZ +IHý(f)I2 
S2 

(8.22) 
WP 2 

where SM 
P 

and SSr are the power spectral density of pump and loss perturbations 

respectively. The magnitude and phase of HP (f) and III (f) are plotted in fig. 8.2. Both 

contribute to the total RIN via (8.22). The values of the parameters used to generate fig. 8.2 are 

given in table 8.1. 
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Figur 8.2: Pump perturbation and loss modulation trap ferfi nctiour. In addition to the parameter valuer 
Stated in table 8.1 we have also used A, I p =33pn/ 

Thus, the presence of loss modulation is to significantly increase the RIN at frequencies around 
the relaxation oscillation and broaden the RIN peak. 
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8.3 Experimental Details 

8.3.1 Laser fabrication 

The lasers were written into three fibres with different dopant concentrations and slightly 

different core compositions and the measured fibre characteristics are presented in table 8.219. 

The lasers were written using two techniques: (i) lasers 1,2,3 and 7 were written using a Sagnac 

ring interferometer [8.31], which produced emission wavelengths of around 1534nm and (ii) 

lasers 4,5 and 6 were written with a holographic phase mask, which produced emission 

wavelengths around 1555nm. It should be noted that gratings written interferometrically are 

likely to exhibit increased phase errors due to mechanical instabilities during the writing 

process, compared with the same grating written using a holographic phase mask. This is 

expected to lead to reduced threshold levels for higher order modes [8.22] resulting in a 

reduced mechanical stability of the laser resonator20. (By stability we refer to the tendency of a 

laser to exhibit multi-longitudinal mode output, instead of single-longitudinal mode output, and 

the resulting fluctuations in output power due to gain competition between modes). The lasers 

were constructed by removing the coating from a section of doped fibre approximately 5mm 

longer than the grating length (60-115mm) and splicing lengths of Corning SAMF28TM (normal 

dispersion matched cladding) fibre onto each end of the doped fibre. An unapodiscd grating 

with a centrally located n/2 phase-shift was then formed in the uncoated region of doped 

fibre. Applying no apodisation to the grating profile is likely to result in reduced modal stability 

of the laser for increasing KL value of the grating (since the higher order mode thresholds 

generally reduce with increasing KL value). Apodisation or gain-tuning has been demonstrated 

to suppress higher-order modes [8.32-33]. 

19 The lasers were manufactured at the University of Sydney by M. Englund and formed part of a TTCP collaboration between 
DERA and DSTO, Australia. The exact composition of the doped fibres is not known although the compositions of LDF1 
and 2 are believed to be similar. Therefore, we have characterised the spectral absorption properties of these two fibres and 
we use this data in our analysis. 

20 In the n/2-phase-shifted DFI3 fibre laser, the mode spatially located around the center phasc"shift has the lowest threshokl 
power and is referred to as the fundamental mode. Modes corresponding to resonances on the skit-lobes of the grating (eL 
fig. 7.2) are referred to as higher-order and generally have threshold levels higher than the fundamental (cf. sec. 7.1). 
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Table 8.2: Doped fibre properties 

Fibre NA Mode field Core Absorption Absorption Estimated Pump cross- 
type diameter @ diameter2t at 980 run at 1535 run dopant section, Q2, 

1550 (980) (estimated) ±0.05dB ±0.05dB conc. at 980nm 
nm +15%t ±15/° 

µm µm dB. m 1 dB. rn 1 m3 m2 
EDFI 0.18 8.4 (4.7) 10.2 12 17 8.5x10'" 3.2x10.2 
EDF2 0.20 6.5 (4.3) 

, 
7.7 9 14 6.9x 1e 2.9x 10-25 

EDF3 - - _ 3 

SMF-28 0.11 10.5 9.0 -- -- 
t Parameters used in the calculation were A, =1535nm, T2 =10.5ms 

83.2 Spectroscopy of the doped fibre and grating strength 

Accurate determination of the absorption and emission cross-sections of the doped fibre is 

generally a complex process, and several techniques are described in [8.34]. We have used a 

technique to obtain approximate values for the cross-sections and dopant concentrations for 

EDFI and 2, based on a measurement of the small-signal absorption and estimating two key 

parameters. Due to the similarity in the core composition of the two fibres characterised, we 
believe that this technique will provide sufficient relative accuracy; however, the absolute 

accuracy of the technique is dependent on the accuracy of the estimated parameters. Accurate 

measurement of the absorption of the doped fibres is easily achieved due to the high dopant 

concentration, thus requiring only a short length (-0.5m) of fibre to carry out the measurement 

and such that background loss can be neglected. The absorption is measured by injecting the 

output from a tuneable laser into the doped fibre and measuring the spectral dependence of the 

absorbed power. The small-signal gain can then be estimated using the McCumbcr relationship 
[8.34]", 

21 Core diameter calculated from the mode field diameter and NA assuming a Myslinski Gaussian mode shape approximation 
where the mode ficld diameter, w= 2a (0.761+1.237V312 + 1.4290 and V=2; raNA/ A and a is the core radius 
[8.41]. 

22 In an ideal, two-level laser system with discrete degenerate energy levels, the absorption and emission cross-sect ons are equal. 
However, in many practical cases, the level degeneracy is lifted due to the presence of an external electric fick! (originating 
from the host material). Each level now consists of a series of sublevels, forming a multipkt In this case, the absorption and 
emission cross-sections will differ depending on the degeneracy of each level. The Lad nburg"Fuchtbaucr relationship can be 
used to relate the absorption and emission cross-sections in this case [8.351; however. its derivation relics on the key 
assumption that the sublevels are equally populated. In the case of erbium-do d silica glass, the levels are Stark split and the 
energy band occupied by each multiplct (300-400 cart) greatly exceeds the mean thermal energy, kT (2W cm 1). 11us, the levels are no longer equally populated. In this case the McCumbcr theory applies, since its derivation relics only on the 
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g (v) = a(v) exp ((eý - hv) / kT) (8.23) 

where C, (= he/A, ) is the free energy (corresponding to the wavelength at which 

g (v) = a(v) ), T is the temperature, k is Boltzmann's constant and the small-signal gain, 

g (v) 
, and absorption, a(v), coefficients are related to the cross-sections by 

g (v) = I'Nooe (v) and a(v) = FN0Qa (v) respectively. No is the total ion concentration and 

r is the overlap integral between the signal mode and the ion concentration profile, and is 

approximated by F(2) =1- exp (-2b2 /W2 a 2) where we assume a uniform transverse ion 

concentration, a is the fibre core radius, b is the Er» radius and w is the mode field radius. 

This yields values of F,, =1 and r, =0.95 for EDF1 and F,, =1 and r, =0.94 for EDF2. We 

shall assume the free energy wavelength, A,, is equal to 1535nm, which is typical for silica based 

erbium-doped fibre. The ion concentration can then be obtained from the relationship [8.35], 

1_8; zn2 2 g(y) rvdv (8.24) 
r. 2 c2 J I'No 

where r2 is the excited state (or metastable) lifetime, n is the core effective refractive index 

and c is the light velocity in a vacuum. The 4'1312- 11512 transition in a glass host is nearly 

100% radiative (assuming no clustering is present), therefore the metastable lifetime can be 

obtained by observing the fluorescence decay from a length of uniformly, fully inverted doped 

fibre, when the pump is switched off. Generally V. is between 9 and 12 ms (8.36) and we shall 

assume Z2 =10.5ms for our calculations. 

The measured and calculated absorption and emission cross-scctions for EDFI and 2 arc 

shown in fig. 8.3@ and (u) respectively. Taking into account the typical host dependent 

variation in r2 and A,, the calculated values of the cross-sections can be shown to be accurate 

to within ±15%. The ion concentrations were calculated to be 8.5X 102" m3 ±15% and 

assumption that thermal equilibrium is reached within a mulciplet in a time short compared with the ov=U Gfctime of the 
multipkt. This is generally satisfied in the Ers' '/wt '. 'j1, transition. 
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6.9x1O24m3 ±15% for EDF1 and 2 respectively. These values can be considered to be an 

effective ion density, and corresponds only to ions contributing to gain and not clustered ions. 
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Figure 8.3: Absorption cross-sectionsforfibres (i) EDF1and (ii) EDF2 (assu, Jle$ 2 =1535nm and 

T2 =10.5mt) 

Characterisation of the coupling coefficient, K in the DFB fibre laser by measurement of the 
transmission or reflection spectrum is complicated by the presence of the gain medium and 
uncertainty in the internal loss within the region of the grating. For this reason other techniques 
have been developed based on heat perturbation [8.37,8.7], side-scatter [8.38] and green 
fluorescence profiling [8.39]. However, due to the added complexity of these techniques, we 
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choose a technique based on measurement of the minimum transmission of an unpumped fibre 

laser to yield an approximate value of the grating strength. By taking into account the maximum 

absorption due to the presence of the gain medium, a range of possible K values is obtained 
for each laser. The measurement is carried out as follows: the output from a tuneable laser (the 

probe wavelength) is launched into an unpumped fibre laser and the transmitted signal is 

passed through a narrowband filter (to remove amplified spontaneous emission due to 

excitation of the gain medium by the probe wavelength) and monitored on an optical spectrum 

analyser. The probe wavelength is tuned until the minimum transmission wavelength is found 

(corresponding to the peaks either side of the phase-shift in fig. 7.2), and the transmission at 

this wavelength is recorded. The absorption due to the gain medium is taken into account using 

the product of the doped fibre length and small-signal absorption. We also take into account 

the splice loss on either side of the doped fibre due to the mismatch in numerical aperture (NA) 

between the doped fibre and SNIF28TM, which gives rise to an excess loss of -1 dB per pass. 
Having determined the minimum transmission, this is then related to the K value using the 

numerical methods described in section 7.1 to determine the K value from the minimum 

transmission for a uniform 'z/2-shifted grating. The accuracy of this method will depend on 
the magnitude of the internal loss within the grating, which we haven't account for. However, 

an internal grating loss of 1 dB would give rise to a reduction in the predicted KL of 0.06, 

therefore this error is likely to be small (the internal loss is likely to be much less than 1 dB). 

The results are tabulated in table 8.3. It can be seen that the effect of the gain medium 
absorption generates a small potential error in the grating strength measurement, and is unlikely 
to affect our overall conclusions. The KL values for the lasers range from 4.65 to 7.60. 

8.3.3 Intensity noise and slope efficien y measurement 

The intensity noise was measured using the set-up described in section 7.4, and is shown in fig. 
7.3. The bare fibre laser was placed on a metal substrate and coated with an index matching gel 
in order to provide mechanical stability and reduce the sensitivity of the fibre laser to ambient 
acoustics. This was then placed in an acoustically isolated chamber. The laser emission from 

output I was detected on a photodiode and the spectrum of the intensity fluctuations was 

u One could argue that the absorption due to the gain medium is only significant when the probe wavclcngth is small-signal. Therefore, we should calculate an effective penetration depth at which the probe wavtltngth reaches small-signal levcL In our 
case, for the range of K values to be measured, the penetration depth is less than "" 12mm. Therefore, for out calculation we take the worst case corresponding to the total length of the doped fibre. 
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measured using a HP84910A spectrum analyser. The mean optical power was measured and 

the relative intensity noise calculated using (7.7). Similarly, the laser slope efficiencies were 

measured in the way described in sec. 7.4.4. 

Table 8.3: DFB fibre laser properties 

Serial Doped Wave- Grating 
fibre length length, 
type L 

±1 mm 
nm mm 

1 EDFI 1534.2 60 
2 EDFI 1534.9 60 
3 EDF2 ` 1533.0 115 
4 EDF2 1555.4 80 
5 EDF2 1555.5 95 
6 EDF2 1553.0 80 
7 EDF3 1534.6 60 

Serial Coupling RIN @ p 
coefficient, KL Le fRO t fRo t i -100 mW K ±2dB ±5% 

mm kHz dB. Hz"' µW 
1 -- - - 316 -80 77 
2 125-127 7.48-7.60 8 312 -80 27 
3 40-42 4.65-4.88 24 231 -90 133 
4 71-73 5.72-5.82 14 197 -98 82 
5 - - -- 199 -98 102 
6 56 4.47 18 78 -60 76 
7 118 7.08 8 64 -58 4 

t Measured at Po =100mW 

8.4 Results and Discussion 

The output power characteristics and relative intensity noise for the lasers tested arc shown in 

fig. 8.4 and 8.5 respectively and the results are summarised in table 8.2. We have also plotted 
the RIN of the pump diode in fig. 8.5. 
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Referring to the output power characteristics shown in fig. 8.4, which are summarised in table 

8.3, we find that in general, the highest output powers are obtained from lasers with the longer 

effective cavity length (IFL 3,4 and 5), in agreement with the conclusions of [8.401 and (8.10). 

The lowest output power was obtained from IFL7, due to its high K value (and hence low L, ) 

and the low dopant concentration of EDF3. The pump power dependent slope efficiency 

observed for low pump powers is evidence of the presence of saturable absorbers. For low 

pump power, the saturable absorber acts as a loss mechanism and hence reduces the slope 

efficiency. As the saturable absorber is bleached, the slope efficiency increases and reaches a 

constant value. The pump power for which the saturable absorber is bleached, PP_sb, can be 

deduced from the `knee' in the slope efficiency curves. For IFL1,2,4 and 5, P, 
-, b -65mW. No 

observable evidence of a saturable absorber is present in the ouput power characteristics of 

IFL7. The threshold pump powers, PP_,, � for IFL1,2,4 and 5 were found to be -15-25mW and 

for IFL7 P, 
_tti -55mal. The absence of significant saturable absorption in EDF3 follows from 

the low ion concentration in this fibre and hence low erbium clustering. The high threshold 

pump power for IFL7, follows from the low ion concentration of EDF3. 

For comparison, we have plotted the output power characteristics of IFL1221, tested in chap. 
7. It is evident that no effects are observable due to saturable absorbers resulting in a nearly 
linear dependence of output power vs. pump power over the full range of pump power tested. 

As a result, the threshold of IFL1221 is also lower at Pp_th -10mW. 

Turning our attention to the intensity noise spectra shown in fig. 8.5 (each measured at a pump 

power of 100 mW), the relaxation oscillation frequency for IFL1 to 7 ranges from 64 kHz to 

316 kHz and the relative peak of the relaxation oscillation ranges from -58dB. Hz*' to 

-98dB. Hz"1. IFL7 exhibited the highest intensity noise peaks due, as expected, to the low 

dopant concentration (and hence low absorption) of EDF3 compared to EDFI and 2. IFL6 

also exhibited high intensity noise and a low fRO =78 kHz; however, during the measurements, 

it was noticed that higher-order modes were present from the observation of a green 
fluorescence from the extents of the grating. The RIN of higher-order modes is generally 
higher and they exhibit lower relaxation oscillation frequencies due to the short photon lifetime. 
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The relaxation oscillation frequency, fRO, of IFL3 is higher than IFL4. This is explained by 

noting that the is value for IFL3 is lower than IFL4; however, the operating wavelength of 

IFL3 is 1533. Onm and thus the signal cross-section, Q2, for this laser will be approximately 

double that of IFL4, which lases at 1555.0nm (cf. fig. 8.3). The net result is a higher fRO for 

IFL3 than 4. We would expect a higher RIN peak for IFL4 and 5 than IFL3 due to the lower 

relaxation oscillation frequency; however, this is not observed. 

So far we have mainly limited our discussion to lasers fabricated in the same doped fibre type. 

We can now compare the properties of the lasers fabricated in different doped fibres. As 

mentioned above, the lowest dopant concentration yields the highest intensity noise, which was 

found for IFL7. The increase in fRO in IFLI and 2 compared with IFL4 and 5 can be 

accounted for by noting the higher dopant concentration, No, of EDF1 and the increase in 

signal cross-section, 0'2, in IFL1 and 2 which both give rise to a higher fRO for IFL1 and 2. 

However, IFLI and 2 generally exhibit higher peak intensity noise than that of IFL3,4 and 5. 

This is not expected, since the dopant concentration for EDF1 is higher than that of EDF2 

and therefore lasers fabricated in EDF1 would be expected to exhibit a lower RIN peak 

amplitude (and higher fRO) compared with an identical laser formed in EDF2. The increased 

overlap between the pump and signal modes in EDF2 compared with EDF1 will counter these 

effects slightly, but this effect is not sufficient to account for the observed differences. We 

conclude that another mechanism is causing an effective damping of the RIN peaks in IFL3,4, 

and 5. 

It should be noted that the spurious noise peaks seen in fig. 8.5 around 3 kHz were found to 

originate from the current source driving the pump diode. This noise was removed before 

measurement of the pump RIN. Thus, we conclude that the EFL RIN was limited by pump 
noise at frequencies below -1 kHz. 

We now compare the characteristics of the lasers described above with that predicted by the 
model described in sec. 8.2. For each laser we have taken the measured parameters given in 

tables 8.2 and 8.3 and used these to calculate a RIN spectrum. The effect of neglecting SHB is 

to over predict the relaxation oscillation frequency. Thus, to compensate we reduce the dopant 
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concentration, No , such that the predicted fRO matched our measured value. Finally, the 

predicted RIN spectra were then fitted to our measurements by selecting an appropriate value 

of S, 6,,. The values of Say and No used in the calculations are given in table 8.4. We have 

assumed that the loss modulation noise is white and hence has a constant power spectral 

density with frequency. The results are shown in fig. 8.6(i), (ii) and (iii) for IFL 2,3 and 4 

respectively (note that sufficient data were not available for IFL 1,5,6 and 7). 

Table 8.4: Lost modulation parameter and modified dopant concentration 

IFL Sor No 

2 1.5x10-15 8.50x1024 

3 1.0x10-16 5.30x1024 

4 5.0x10-" 5.05x1024 
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(and uncorrected) value of the dopant concentration. We note here that S& and No are the 

only fitted parameters. All the other parameters used were obtained from measurements on the 

lasers. It can be seen that the measured intensity noise level cannot be accounted for by pump 

perturbations driving the relaxation oscillation frequency alone. The loss modulation 

mechanism gives rise to a significant increase in the intensity noise for frequencies above 

-1OkHz for all three lasers. When the loss modulation mechanism is included, we find good 

agreement between the measured RIN spectrum and that predicted by our model. A small 

deviation is observed around 5 kHz, which is thought to be due to excess noise originating 

from the pump current source. This noise was subsequently eliminated before the pump RIN 

was measured. The deviation of the predicted relaxation oscillation frequency (before 

correcting for No) and that measured correlates with the coupling coefficient, and hence the 

degree of SHB. The largest difference between measured and predicted fRO is observed for the 

laser with the highest x' (IFL2), corresponding to the laser with the strongest SHB. The reason 

for deviation between the measured and calculated RIN spectrum for IFL4, above 300kHz is 

less certain. However, it was noted that this apparent flattening of the measured RIN spectrum 

observed for IFL4 above 400kHz was not observed for the similar laser, IFL5, and thus may 

have arisen from the measurement. The other deviation observed between the measured RIN 

spectra and our model is the peak RIN amplitudes. The peak RIN amplitude predicted by our 

model is generally higher than the measured values. The deviation is 2dB for IFL2 and 18dß 

for IFL3 and 4. This would imply that there is an extra mechanism not included in our model 

that effectively provides a small degree of negative feedback to the photon density at 

frequencies very close to the relaxation oscillation. Since this feedback is only observed very 

close to the relaxation oscillation, this would also imply that the mechanism is related to the 

magnitude of the photon fluctuation, which is highest at the relaxation oscillation. A possible 

explanation is linked to the presence of saturable absorber states (due to the presence of ion- 

pairs giving rise to co-operative upconversion). Fluctuations in the signal photon density, due to 

the relaxation oscillation are accompanied by corresponding fluctuations in the excited ion 

population, roughly in anti-phase with the signal photon density fluctuations, when the laser has 

reached steady-state operation. With a saturable absorber present, a decrease in the excited ion 

population causes an increase in the absorption due to the saturable absorber. This results in a 
further decrease in the excited ion population and hence a reduction in the signal photon 
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density. The saturable absorber thus acts as a negative feedback to the photon density, resulting 

in an effective damping of the relaxation oscillation peak. This explanation would also imply 

that the saturable absorber strength is stronger in EDF2 since the RIN peaks of the lasers 

fabricated in EDF2 are damped more than the lasers fabricated in EDF1. 

Another investigation into the effects of erbium clusters on the intensity noise was reported in 

[8.6,20]. It was reasoned that the precise effects of clustering will depend on the distribution of 

clustered ions, since it may be possible to have uniformly distributed ion-pair clusters (the 

homogenous case) [8.12] or uniformly distributed multi-ion clusters, but where the local 

concentration can far exceed the uniformly distributed, isolated ion concentration (the 

inhomogeneous case) [8.6], as described in sec. 8.2. It was suggested that the multi-ion cluster 

model more accurately described the real case due to the tendency of the Er'+ ions to cluster 

closely in a silica host. A model was then presented which allowed an arbitrary number of ions 

per cluster to be assumed and was based on five coupled rate equations for the clustered and 

isolated ions and the signal field intensity. By carrying out the same small perturbation analysis 

as that described in sec. 8.2, it was found that the RIN consists of two contributions: one from 

the relaxation oscillation modulation due to pump perturbations and one due to cavity loss 

fluctuations. A similar RIN spectrum was found to that predicted by our model; however, a 

larger increase in the intensity noise below fRO was observed due to pump perturbations 

driving the relaxation oscillation. The shape of the predicted RIN spectrum also deviated 

somewhat from our measured spectra. However, it was also found the RIN peak amplitude was 

reduced slightly with increased clustering, similar to the effect we have observed, although no 

explanation for this was given. Another possible mechanism suggested in [8.3], is that 

spontaneous emission may also partly contribute to the loss modulation term in (8.22). An 

accurate measurement of the spontaneous emission power may clarify this. 

A better understanding of the nature of the saturable absorbers present in out fibre lasers is 

necessary to confirm these results; however, the link between the observed effects and ion- 

cluster based absorbers is quite strong. 

8.5 Conclusion 

In summary we have theoretically and experimentally investigated the intensity noise 
characteristics of fibre erbium-doped fibre Bragg grating lasers. We have discussed the 
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mechanisms other than pump perturbations giving rise to intensity noise in these lasers and we 

have characterised seven DFB fibre lasers with different doped fibre types and grating strength. 

To explain our observations, we developed an analytical model to predict the intensity noise 

spectra. We find that the intensity noise is significantly enhanced by the presence of a cavity 

loss modulation mechanism, over that predicted by pump perturbations alone and we discussed 

possible mechanisms giving rise to this effect. 

Appendix 8.1: Constants used in model 
The constants used in (8.15) to (8.19) are defined as follows: 

A, =Wp +2gor9 +1/z2 (8.25) 

A2 = (1- n2) (8.26) 

A3 = (2n2 -1) rq (8.27) 

A4 = 2Norgqo (8.28) 

As = qoc / nLL (8.29) 

4 =(1-n2)Wp/qo (8.30) 

As = Yoc / nL, (8.31) 

r9 = cO2 /n (8.32) 
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Chapter 9 

CONCLUSION 

0 

In this thesis we have demonstrated, for the first time, a number of advances in 

aims were to increase ' metric sensor array multiplexing technology. Our original mterfero 

multiplexing capability by incorporating dense wavelength division multiplexing (DWDM) with 

time division multiplexing (TDM) and improve sensor performance using fibre laser sources. 

Here is what we found. 

In chapter 5 we demonstrated novel multiplexing architectures using time division multiplexing 

and dense wavelength division multiplexing that permitted a significant increase in the number 

of interferometric sensors that can be interrogated through two fibres. We showed that the 

crosstalk between sensors multiplexed on adjacent wavelengths was less than -76 dB (for a 

wavelength spacing of 1.6nm) and identified the most likely mechanism causing crosstalk, to be 

the adjacent channel crosstalk of the wavelength demultiplexer. To interrogate our experimental 

array, we used novel erbium doped DFB fibre laser (EFL) sources. We then developed a model 

to predict the phase resolution and dynamic range of sensors multiplexed in these architectures. 

Using these multiplexing architectures, the number of interferometric sensors that can be 

multiplexed onto two fibres is ultimately limited by the launch powers. Thus, increasing the 
launch powers would permit more sensors to be multiplexed. However, in chapter 6, we 
discussed the detrimental effects on the phase resolution of the nonlinear transmission 

properties in the fibre medium in the presence of high optical powers. Using previously 
developed theory on nonlinear phenomena in fibre waveguides we were able to identify the 

significant nonlinear interactions and determine the degradation on the phase resolution of a 
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multiplexed sensor. The nonlinear interaction occurs where the optical powers are highest, 

which for an interferometric sensor array is in the delivery fibre. By ensuring that the launched 

optical powers fell just below the critical power levels required before significant degradation 

due to nonlinearity occurred, it was possible to theoretically determine the relationship between 

the link length (distance between electronics unit and array) and number of multiplexed sensors 

in order to achieve a pre-determined phase resolution (typically 100 µrad. Hz"1'2). We then 

determined the increase in link length achievable when periodic discrete erbium doped fibre 

amplifiers (EDFA) where placed along the link fibre and when a remotely pumped EDFA was 

used. For the configuration presented, which incorporated a single remotely pumped pre- 

EDFA, with a link length of 55 km a maximum of 32 sensors can be multiplexed onto two 

fibres plus one pump delivery fibre and achieve a phase resolution of less than 100 µrad. Hz'"2. 

Reducing the link length to 38 km, increases the number of sensors to 160. Reducing the link 

length to less than 10 km allows in excess of 500 sensors to be multiplexed and in this case the 

remotely pumped EDFA can be omitted without loss of performance. This work therefore 

demonstrates the theoretical limits on the performance of the multiplexed interferometric 

sensor technology using DWDM and TDM in a fully electrically passive array.. 

The current state-of-the-art multiplexed interferometric sensor arrays use TDM, frequency 

division multiplexing (FDM) or some degree of WDM with TDM. Practical laser sources are 
diode pumped Nd: YAG lasers (1310nm) or semiconductor DFB lasers (1550nm) to interrogate 

the arrays. High sensor resolution is achieved with a diode pumped Nd: YAG laser (due to its 

narrow linewidth); however, the array size is limited to -8 sensors using FDM [9.1] or 64 

sensors using TDM [9.2] (note that WDM cannot be used in the 1300nm spectral region). 
Semiconductor DFB lasers operating at 1550nm permit the use of DWDM with TDM; 
however, these lasers must be carefully stabilised to ensure a stable emission frequency and 
sensor resolution is generally limited to around 0.1-lmrad. Hz"'12 due to source phase noise 
[9.3]. The DFB fibre laser allows use of the DWDM/TDM architecture and a high sensor 

resolution (<10 trad. Hz"'/) would be achievable due to the potentially low frequency noise of 
this laser source. In principle, high phase resolution could be maintained even in very large- 

scale arrays. We note also that the DWDM/TDM architecture significantly reduces the 
complexity of the fibre telemetry compared with the FDM approach. 
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In the experiment described in chapter 5, we used a multiplexed fibre laser source to interrogate 

the interferometric sensors, which prevented the predicted phase resolution from being 

achieved due to excess frequency and intensity noise, in our fibre laser configuration. 
Therefore, in chapter 7, we presented novel techniques based on electronic feedback to 

simultaneously suppress the frequency noise and relaxation oscillation induced intensity noise. 
We showed that the free-running frequency noise of the DFB fibre laser was likely to be 

fundamentally limited by cavity thermal noise; however, by locking the laser emission to an 

interferometer and using cavity strain induced feedback, we could overcome this limit and 

reduce the frequency noise by a further 18 dB. Using a fibre laser with the performance 
demonstrated would permit the predicted phase resolution of the sensors described in chapter 
5, to be achieved. Further to this, a sizeable path imbalance could be present in each 
interferometric sensor, without loss of sensor resolution due to frequency induced phase noise. 
This is due to the considerably lower frequency noise of the EFL compared with the 

semiconductor laserdiode and thus relaxes the requirements on path balancing of 
interferometric sensors. We also demonstrated a feedback technique to reduce intensity noise 

around the relaxation oscillation peak as well as a novel technique to allow frequency 

modulation of the EFL. 

In chapter 8, we investigated the fundamental mechanisms giving rise to intensity noise in the 
EFL. By characterising seven fibre lasers of various designs, and developing a rate equation 
based model, we were able to provide a quantitative explanation for the observed levels of 
intensity noise. In particular we found that the intensity noise of the EFL around the relaxation 

oscillation was some way higher than that due to pump power perturbations and suggested that 

this is likely to be due to the effect of cavity loss modulation. 

Away from the main theme of sensor multiplexing and interrogation, in chapter 3 we presented 
a detailed model of fibre-optic flexural disk accelerometers. We compared the results from the 
model with the measured performance of prototype accelerometers and obtained excellent 
agreement. These accelerometers exhibited some of the highest combinations of rcsponsivity 
and bandwidth reported in the literature to date. Of particular interest to the sonar community 
is the development of vector sensor based acoustic arrays. Accelerometers of the type described 
in this chapter multiplexed in the DWDM/TDM architectures described above may provide a 
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low cost solution to the vector sensor based acoustic array, particularly when very large arrays 
(greater than 1000 sensors) are required. 

Finally, in chapter 4 we presented a technique to increase the responsivity to pressure of an in- 

fibre Bragg grating (IFBG) using compliant coatings. An amplification factor of up to 

18.8±21% (measured relative to a bare IFBG) was demonstrated using a5 mm thick coating of 

polyurethane. We also showed how this may be used to increase the acoustic responsivity of an 

in-fibre laser sensor, with the potential to achieve an acoustic resolution of -2 mPa. Hz 1/2 at 1 

kHz. 

Future work 
The work presented here can be extended in a number of areas. Further development of the 

fibre laser source is required to combine all the techniques presented in chapter 7 (i. e. RIN 

suppression, frequency noise suppression and frequency modulation) in a single laser. Longer- 

term tests are then required to ensure that this performance is maintained with age. Also, 

significant scope exists in modifying the laser design. For example, by co-doping the laser cavity 

with ytterbium significantly increases the pump absorption and high power can be obtained 
directly from the laser cavity without the need for an amplifying section [9.4]. However, the 

effects on the frequency noise exhibited by this type of laser would need to be explored further. 

Also, fabrication of the DFB fibre laser in polarisation maintaining fibre would ensure that a 

well-defined state of polarisation is obtained that is compatible with external modulators. 
Increasing the accuracy by which the central 7r/2 phase-shift is obtained, as discussed in 

chapter 8, may also reduce the effect of loss dispersion, which degraded the performance of a 
frequency modulated laser. 

In chapter 6, we determined theoretically the detrimental effects of nonlinearity in the 
transmission fibre. The results obtained can now be verified with some basic experiments, 
using a noise reduced DFB EFL source. 

In chapter 3, we found that the cross-responsivity of the flexural disk accelerometer was 8 dB 
lower than the on-axis responsivity and reasons for this were discussed. Further work is 
required to reduce this cross-responsivity and develop a water-proof housing. For use as an 
acoustic vector sensor, characterisation of the sensor beam pattern and responsivity to pressure 
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is required. Also, external damping may be required to reduce the Q of the fundamental 

resonance (in order to reduce ringing effects in the presence of pulsed acoustic signals). 

In chapter 4, we found that applying a compliant coating to an in-fibre laser sensor would 
increase its acoustic responsivity by a factor of 18.8±21%. However, the coating material must 
be chosen carefully. Materials that exhibit large expansion/contraction during the curing 

process may induce nonuniform stress in the fibre,, which may significantly alter the Bragg 

grating profile. In the worst case, this may prevent the laser from lasing. However, low 

expansion materials exist which may make this technique practical. 

On a more general note, applications of fibre lasers extend further than optical sources. As 

mentioned briefly in chap. 2 and 4, their use as the sensor itself is particularly attractive due to 

the very short cavity length and potentially high sensitivity. Novel waveguide structures in 

which to form the lasers, such as photonic crystal fibre and holey fibre [9.5], may make possible 

novel laser devices due to the control these structures provide over the mode field shape and 

size. One would expect a fibre, filled primarily with air, to exhibit a responsivity to pressure 

somewhat higher than that observed in conventional optical fibre due to its higher compliance. 
Certainly, we can expect to see some interesting developments in the area of fibre Bragg grating 
lasers in the near future. 

Publications 

This thesis has produced five peer-reviewed journal papers (two pending peer-review), one 
book chapter, ten conference papers and presentations and one patent pending. These are 
listed below: 

Peer-viewed journal papers and book chapters 

GA. Cranch and P. J. Nash, 2002 "Optical fibre hydrophones" in Lasers and their Applications, 
IOP Publishing, section D2.5 

G. A. Cranch and P J. Nash 2001 "Large-scale multiplexing of interferometric fibre-optic sensors 
using TDM and DWDM" J. Light. Tech. 19 (5) 687-699 
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GA. Cranch, 2001 "Frequency noise reduction in erbium doped fiber DFB lasers using 

electronic feedback" submitted for publication in Optics Letters. 

G. A. Cranch, M. A. Englund, 2001 "Intensity noise properties of erbium doped fiber Bragg 

grating lasers" to be submitted to the IEEE J. Quantum Electronics. 

G. A. Cranch and P. J. Nash, 2000 "High-responsivity fiber-optic flexural disk accelerometers" J. 

Light. Tech. 18 (9) 1233-1243 

D J. Hill and G. A. Cranch, 1999 "Gain in hydrostatic pressure sensitivity of coated fibre Bragg 

grating" Elec. Lett. 35 (15) 1268-1269 

Conference paper' and presentations 

GA. Cranch, 2002 "Frequency noise reduction in erbium doped fibre Bragg grating lasers using 

active electronic feedback" to be presented at the 15th Int. Conf. on Optical Fiber Sensors, 

Portland, OR, USA 

G. A. Cranch, 2002 "Frequency modulation properties of erbium doped DFB fiber lasers using 

cavity strain" to be presented at the 15' Int. Conf. on Optical Fiber Sensors, Portland, OR, 

USA 

G. A. Cranch, 2001 "Erbium doped fiber Bragg grating lasers: applications as sources and 

sensors" seminar at Heriot-Watt University, Edinburgh, UK 

G. A. Cranch (INVITED) 2001 "Realisation of remote arrays of fibre-optic interferometric 

sensors" OSA Tech. Meeting, Long Beach, CA 

P. J. Nash, G. A. Cranch, D J. Hill, 2000 "Large-scale multiplexed fibre-optic arrays for 

geophysical applications" SPIE 4202 Photonics East 2001, Boston, US 

G. A. Cranch, 2000 "Large-scale multiplexed fibre-optic arrays for geophysical applications" 
presented at Schlumberger-Doll Research Centre, Connecticut, USA, Nov. 2000 
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G. A. Cranch, P. J. Nash, 2000, "Large-scale arrays of interferometric fibre-optic sensors for 

applications in military surveillance and seismic surveying" Proc. 14" Int. Conf on Optical 

Fiber Sensors, SPIE 4185, Venice, Italy 260-263 

P. J. Nash, G. A. Cranch, 1999 "Multi-channel optical hydrophone array with time and 

wavelength division multiplexing" Proc. of the 13`b Int. Conf. on Optical Fiber Sensors SPIE 3746 

304-307 

G. A. Cranch, P. J. Nash, 1999 "High multiplexing gain using TDM and WDM in interferometric 

sensor arrays" SPIE 3860 Photonics East Boston USA 531-7. 

G. A. Cranch, 1999 "Fibre-optic sensors for underwater applications" seminar at Heriot-Watt 

University, Dept. of Physics, Edinburgh 

P. J. Nash, G. A. Cranch, 1998 Fibre optic sensor research at DERA DSTO, Adelaide, Australia. 

Other 

P J. Nash, G. A. Cranch, D J. Hill, KCrickmore, 1998 Optical fibre sensors for ASW applications 

DERA journal of Defence Science 

Patents 

"Fibre optic sensor array", G. A. Cranch, filed April 2000 
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