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Abstract

This thesis describes two external cavity laser diode designs. The first utilises a Bragg 

grating fabricated in highly biréfringent optical fibre and offers, through the use of a 

waveplate, the ability to switch between modes that are separated in both polarisation 

and wavelength, due to the differing refractive index in either eigenmode. The laser 

offers three stabilised states o f operation, single mode operation for either axis o f the 

fibre, or a third state in which both modes lase simultaneously with a wavelength 

separation o f 0.3 nm. The application of transverse strain on the fibre Bragg grating 

was also demonstrated as a method of tuning the wavelength separation between these 

modes.
The second external cavity laser design utilises two spatially and spectrally 

separate Bragg gratings fabricated in mono-mode fibre. This allows two longitudinal 

modes corresponding to the Bragg wavelengths to oscillate simultaneously. The 

application of longitudinal strain allowed either fibre Bragg grating to be tuned, thus 

generating a stabilised tuneable beat frequency, which was demonstrated between 

130 GHz -  2.28 THz. A three fibre Bragg grating laser is also presented which 

allowed three modes to oscillate simultaneously.

Both the laser based on a Bragg grating fabricated in highly biréfringent fibre and 

the laser based on multiple Bragg gratings fabricated in single mode fibre 

demonstrated reduced injection current threshold and mode hop free operation over

the full injection current range.
A practical application for the two fibre Bragg grating lasers is presented where the 

properties o f independently tuneable dual wavelength operation are used to 

interrogate a miniature fibre Fabry-Perot sensor. The wavelength separation o f the 

two oscillating modes can be tuned to reach a point of quadrature for the sensor 

cavity. A sensing system demonstrating this technique is presented which detected 

vibrations up to 500 Hz in cavities of 16-34 pm.
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Chapter 1

1. Introduction.

Semiconductor lasers are the most widely used types of laser; they are incorporated 

into consumer items such as CD players and laser printers and they are widely used in the 

telecommunications industry. Mass production enables them to be low cost, they are 

small and do not require water-cooling. They are capable of operating on multi or single 

longitudinal modes and they have dimensions that make them ideal for incorporation in 

optoelectronics systems.

The performance of the semiconductor laser is limited though, specifically in terms 

instabilities in the spectrum of the output. These traits can be overcome, but at a large 

cost relative to a mass produced laser diode. Cavity structures such as distributed 

feedback lasers and distributed Bragg reflectors11 are capable of achieving some of the 

performance refinements such as single mode operation, which is discussed further in 

chapter 3. Many applications require narrow linewidth, tuneability, multiple wavelengths 

and a smooth linear injection current to output power curve.

Optical sensing systems often require a narrow linewidth to improve resolution and 

dynamic range, for example a Doppler velocimetry system would benefit from a laser 

output which had minimum frequency fluctuations thus reducing uncertainty in the 

measurand12. Most interferometry systems also require a source with a stable spectral 

output and narrow linewidth (long coherence length) to prevent ambiguities in 

experimental readings. The telecommunications industry require narrow linewidth 

sources as modem technologies like the internet place increasing demand on the capacity 

of communications networks, with communications channels being increasingly packed. 

Narrower laser linewidths allow more communication channels to be effectively 

multiplexed and they also give a better signal to noise ratio when combined with another 

wavelength to generate a carrier frequency.
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Chapter 1

Multiple wavelength lasers are capable of synthetic wavelength generation for optical 

signal processing in metrology systems, carrier frequency generation and multiple 

wavelength fibre Bragg sensor interrogation13 all can benefit from the use of lasers 

capable of simultaneous operation at a number of wavelengths.

Laser diodes are incapable of this in their simplest structure, which consists of a 

Fabry-Perot cavity formed by the cleaved end faces of the semiconductor chip. In general 

they operate on multi-longitudinal modes, where the mode spacing is governed by the 

laser cavity and may not be controlled. The devices are also sensitive to optical feedback, 

which can cause instability in the spectral output.

There are alternative ways of achieving the performance required from a laser diode. 

For example, the use of complex cavity structures to force the laser to operate at the 

desired wavelengths, e.g. distributed feedback (DFB), distributed Bragg reflector lasers 

(DBR) and bulk optic external cavity systems featuring diffraction gratings14. The 

external cavity fibre Bragg grating feedback technique that has been the subject of a 

number of publications, and is being investigated in this thesis, has a number of 

advantages over the other techniques. A Bragg grating can be written into the core of an 

optical fibre using UV irradiation15, it then acts as a wavelength selective reflector. Light 

at the Bragg wavelength is coupled backwards while all other wavelengths are allowed to 

pass through the grating. Fibre Bragg gratings (FBG) are easily manufactured at well 

defined wavelengths. They may be used as a wavelength selective feedback element, 

forcing the laser to oscillate at the wavelength defined by the Bragg reflection. Thus low 

cost, Fabry-Perot laser diode structures may be forced to oscillate under conditions 

defined by the user, potentially increasing the yield of laser devices from a semiconductor 

wafer. This is a big advantage over DFB and DBR lasers, which have to be tested 

individually before packaging and are only available at certain wavelengths. These 

advantages will be discussed in more detail later chapters of the thesis. The fibre Bragg 

grating external cavity lasers reported in this thesis have a number of novel properties 

which allow independent multiple wavelength tuneability and switchability.
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Chapter 1

1.1 Aims and Objectives of Thesis

The aim of this project was to build a tuneable, multiple wavelength external cavity 

semiconductor laser with specification suitable for optical sensing applications. The 

design principle is illustrated in Fig 1.1

Fibre attached to moveable v 
grooves

<    ►

I < 4 "iM I I * 4 i ~ i
>  1  laser

FBG FBG output

Strain can be independently 
applied to either FBG

Fig 1.1 Configuration for dual FBG external cavity laser.

The properties of these lasers were fully tested including parameters such as linewidth, 

tuneability and stability. The laser systems were also incorporated into an optical sensor 

system which benefited from the unique properties of these novel lasers. Potential 

applications include interrogation of multiplexed fibre Bragg sensors, generation of 

synthetic wavelengths in optical signal processing for interferometric sensors, 

shearography systems and in the generation of carrier signals for heterodyne processing 

schemes.

1.2 Thesis Outline

Chapter 2 features an explanation of the fundamentals of fibre optics, single mode and 

high birefringence fibres. A section is also included on fibre Bragg gratings which 

discusses their characteristics, their fabrication and their response under the application of

Laser diode
Coupling optics

Anti reflection 
coated collimating 

lens
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strain, as a foundation for the experimental work contained in later chapters. Chapter 3 is 

a background discussion on laser diodes and their dynamics, which relate to this proposed 

work. Alternative techniques are introduced and evaluated before an overview of the fibre 

Bragg external cavity laser is presented which reviews the significant work in the field, 

focussing on designs and phenomena that have an influence on the direction of this 

project. Some of the most up to date work in the area is also shown to demonstrate the 

current state of the research interest. A section is presented on dual wavelength laser’s, a 

review of their applications, specifically in microwave generation and beat signal 

applications. Chapter 4 features experimental work demonstrating the benefit of 

application of an external cavity to a standard laser diode. This includes linewidth 

reduction, threshold reduction and mode hop reduction. The high biréfringent switchable 

laser is presented in chapter 5, as well as its switchability properties the use of transverse 

strain on the Bragg grating to tune the wave separation is presented. A dual Bragg grating 

laser is experimentally evaluated in chapter 6 and initial results from a three Bragg 

grating laser to illustrate the laser’s potential. Chapter 7 covers the application of a dual 

fibre Bragg grating laser to an optical sensing system. The interrogation of a miniature 

Fabry-Perot cavity is demonstrated and the use of the dual Bragg grating laser’s ability to 

independently tune wavelength is shown as the laser is tuned to quadrature and a number 

of different frequency vibrations applied to the sensor. Finally, there is a chapter 

concluding the work presented and discussing potential future work.

4
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2: Fibre optics and Fibre Bragg gratings

The use of a glass fibre waveguide to carry an optical signal was first proposed in the late 

1960’s21 and has a number of attractive features. These include a very large potential 

bandwidth compared with conventional co-axial cable or millimetre wave radio, 

particularly when the optical signal can be wavelength division multiplexed (WDM). 

Optical fibres are electrical insulators as they are fabricated from glass or occasionally a 

plastic polymer, so they do not suffer interference problems making them ideal for use in 

electrically hazardous environments. Optical fibres can also be isolated from each other 

easily and so do not suffer from cross-talk. The base material cost of fibre is very low as 

fibres are made from silica which is derived from sand. They are very low loss relative to 

co-axial cable and as they do not radiate significantly they offer excellent signal security. 

Fibres are also small and lightweight, 125 pm diameter, no thicker than a human hair, 

allowing their insertion to cause a minimum of disturbance, particularly useful for 

embedded sensing applications and in particular strain measurement. As well as the use 

of fibres for delivery in sensor systems they can also be used as sensors themselves due to 

their sensitivity to strain and temperature.

2.1 Optical fibres

Optical fibres are dielectric waveguides, comprising a circular core along which light 

propagates. The fibres use total internal reflection to retain the light in the fibre core. To 

achieve such confinement, the refractive index of the core must be higher than that o f the 

surrounding cladding. In theory air could be used to form the cladding of the fibre, but the 

exposed fibre core, typically as narrow as ~ 5 pm in diameter, could then be easily 

damaged, snapped or bent excessively and the cladding refractive index could not be as 

easily controlled which could in turn affect the total internal reflection properties of the

6



Chapter 2

fibre. The maximum angle a ray of light is allowed to propagate in the fibre is given by 

the critical angle, as illustrated by §c in Fig 2.1. Using Snells law2 2:

sin^  =  —  
4

(2.1)

The refractive index of the core is denoted by n%, the cladding refractive index is denoted 

by n2 and §c is the critical angle. The critical angle is the angle o f acceptance to the core 

at which light will be refracted rather than reflected. Therefore as such light o f incidence 

less than the critical angle within the fibre is allowed to propagate down the fibre by a 

process of reflection with relatively low loss. As shown in Fig. 2.1

a)
Cladding n2 b)

Spatial 
distance 
across fibre

Critical angle

L

r
Increase in 
refractive 
index, n

Fig. 2.1 a) Transmission o f light in an optical fibre using the total internal reflection 

mechanism, b) Profile o f  relative refractive indices o f the core and cladding.

For a more in depth analysis of the behaviour of optical fibres, electromagnetic wave 

theory must be used. A condition of waveguide mode propagation requires that the phase 

of a wave must be the same after two reflections, modulo 2%, as the wave which has 

propagated without reflection. As shown in Fig 2.2

7
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Cladding n2

Critical anglePhase o f
EM
wave

Fig 2.2 Illustration o f the phase o f an allowed mode within a waveguide.

This can be viewed as a boundary condition, for a given wavelength, core diameter and 

difference in refractive index between core and cladding of the fibre. Therefore only a 

number of discrete modes are allowed to propagate. If a fibre is bent then the angle of 

incidence on the core cladding interface increases. This change in incident angle depends 

on a ratio between core radius and bend radius2 3. As a result fibres that have a relatively 

large core diameter can allow the angle of incidence to easily exceed the critical angle 

leading to large power losses in the fibre, thus making smaller core fibres less suseptible 

to bend induced losses. The number of modes supported by the fibre is reduced as the 

core size is reduced.

2.1.1 Single mode fibres

When more than one mode, or path of light, is allowed to propagate along a fibre, signal 

dispersion can occur due to the differing path lengths. This limits bandwidth in

8
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communication systems and interferometric fibre sensing techniques therefore require 

single mode fibre, as multiple path length differences will introduce uncertainty to the 

interferometric signal created by the measurand. To create single mode (SM) fibre the 

core diameter of the fibre must be reduced to allow only the fundamental mode to 

propagate above a given wavelength, the cut-off wavelength2 4.

^ 4 ,  _ (2.2)

Imfâkÿ

Where is a the core radius, /U , is the cut-off wavelength above which single mode 

operation can exist, n% is the core refractive index and A is the difference in refractive, 

(ni-n2/ni) index between core and cladding. V is the normalised cut-off frequency when it 

lies between (0<V<2.405)24 single mode operation will occur in the fibre. Therefore a 

smaller core diameter decreases the cut-off wavelength, however the small core size can 

be problematic, potentially reducing coupling efficiency of the light to other fibres or 

components when the fibre has to be interfaced, due to a decrease in alignment tolerance.

2.1.2 Polarisation maintaining fibre

The state of polarisation at the output o f the fibre is important in applications such as 

coherent communications networks or interferometric sensing2 4. The polarisation state of 

light is not generally maintained over more than a few metres in standard single mode 

cylindrically symmetric optical fibres. Fibres that can maintain the polarisation state are 

known as highly biréfringent fibres (Hi-Bi). These fibres work on the principle of modal 

birefringence; they exhibit a different effective refractive index in either orthogonal 

principal mode and light polarised along one of the principal axes will retain its 

polarisation for the length of the fibre, with minimal coupling to the orthogonal mode. 

There are two methods of introducing birefringence into the fibre, and they result in

9
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differing levels of birefringence. One is geometric shape birefringence, for example by 

making the core elliptical2 4. The other is stress induced birefringence, which uses stress 

rods in the cladding. The circularly asymmetrical inserts, often glass doped with Boron, 

have a different coefficient of thermal expansion compared with that of the cladding. As 

the fibre cools the rods introduce stresses into the core of the fibre resulting in the 

birefringence2 4. Standard SM fibres generally have a small amount of birefringence 

resulting from imperfections introduced during manufacture, or arising from bending or 

lateral pressure, leading to an unpredictable polarisation state at the fibre output. Fig 2.3 

shows three typical types of Hi-Bi fibre. Fig 2.3a) shows an elliptical core fibre, in which 

the refractive index difference between core and cladding is higher than in the stress 

induced Hi-Bi fibres but the birefringence is normally smaller24. Fig 2.3b) and 2.3c) 

show PANDA and bow tie fibre respectively. The complications involved in the 

techniques used to manufacture Hi-Bi fibre however mean they are more expensive than 

standard SM fibre.

10
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2.3a)

F

► S

2.3b)

F

► S

2.3c)

F

Fig 2.3 Cross section o f Hi-Bi fibre indicating the orientation o f the fast axis (f) and slow 

axis (s), 2.3 a) is elliptical core fibre, 2.3b) PANDA type stress rod Hi-Bi fibre, 2.3 c) bow- 

tie type Hi-Bi fibre stress inducing rods. S is the slow axis and F is the fast axis.
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2.2 Fibre Bragg gratings

A fibre Bragg grating (FBG) 2 5’ 2 6 is a periodic variation of the refractive index of the core 

of an optical fibre. The refractive index variation can be induced by exposure of the fibre 

to a spatially modulated ultra-violet (UV) wavelength intensity pattern, arising from the 

fibres photosensitivity at that wavelength. The FBG couples optical power from a forward 

propagating mode to a backward propagating mode at a wavelength corresponding to the 

periodicity of refractive index modulation, while all other wavelengths are allowed to 

pass through. Therefore, the grating acts as a wavelength selective coupler, the selected 

wavelength is known as the Bragg wavelength (X Fb g ). In the transmission spectrum a 

narrow band will be missing. Conversely, when looking at the reflective spectrum, a 

narrow band will be seen at the wavelength that was missing from the transmission 

spectrum. Fig. 2.4 Illustrates the spectrum observed of a FBG being illuminated by a 

broadband source in the transmission spectrum and the band stop effect at the Bragg 

wavelength is clearly visible. The spectrum was taken during the experimental work 

undertaken for this project

0.9  -

£  0.7  -

0.3  -

0.1
825820815810805

Wavelength (nm)

Fig 2.4 Spectrum o f a Bragg grating when illuminated by a broadband optical source. 

The dotted line shows the band stop Bragg wavelength in the spectrum.
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2.2.1 Bragg grating principles

Fibre Bragg gratings are a periodic change in refractive index within the core of the 

fibre, phase matched optical power from each modulation of refractive index is coupled 

into a reverse propagating fibre guided mode. This produces a reflection of the 

wavelength satisfying the Bragg condition below:

^fbg= 2neff A (2.3)

Xfbg is the wavelength of the peak reflectivity of the grating, neff is the effective refractive 

index of the mode propagating in the fibre and A is the periodicity o f the grating. Its 

output is near Gaussian in spectral profile26. Fig 2.5, demonstrates its principle of 

operation.

A
SM fibre _  ̂ Cladding

E ------► I #. *#:: it S i Core

Intensity A

X

IntensityA

X

Fig 2.5 Schematic o f the operating principle o f a Bragg grating. E is the spectrum o f  the 

illuminating light.

The amplitude of the periodic variation of refractive index and the length of the FBG 

govern the reflectivity and bandwidth of the grating at the Bragg wavelength. For a FBG
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with constant period and modulation amplitude, the peak reflectivity of the grating, RFBg, 

is given by the following equation2 5 :

Rfbg =tanh2(OZ)FBG ~ Ldlm (2.4)

Where 1 is the physical length of the grating and Q is the backwards coupling coefficient 

corresponding to a sinusoidal periodic variation in refractive index for a given amplitude 

variation in refractive index An, which is typically 10"5to 10'6 2 6, Q is given by2 6:

_  xàn j.,
n  =  l — M p  (2.5)

æfbg

Where Mp is the fraction of the fundamental mode intensity within the fibre core, which 

can be approximated as 1-V2, V is the normalized frequency of the fibre as shown in Eq

(2.2). Therefore, the reflectivity is related to the amplitude of the variation of the 

refractive index and to the length of the grating. The higher An and the longer the FBG, 

the higher the reflectivity. Reflectivities of between 0.1% and 100% have been obtained 

experimentally at a range of Bragg wavelengths2 7. The bandwidth of the Bragg 

wavelength spectrum is also controlled by the length of the grating and by the amplitude 

of refractive index modulation along the core of the fibre. An equation for the FBGs 

approximate full-width-half-maximum (FWHM) is given in (2.6) 2 8:

—  Ab£  , ' A n '
2

f  1 )
+ ---

U J
(2.6)

Where N is the number of grating planes, the change in refractive index, An, o f the 

grating is taken into account in the equation by Ç, which is given a value of ~ 1 for FBGs 

near 100% reflectivity and ~ 0.5 for weak reflective gratings. As shown in equation (2.5),
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the longer the grating the narrower the bandwidth, however, the greater the amplitude of 

refractive index modulation the broader the FWHM of the FBG. Typically FWHMs of 

FBGs are within the range 0.1-0.5 nm. Side bands to the Bragg wavelength can often be 

seen in the reflected spectrum of FBGs. These side bands are due to multiple reflections 

to and from opposite ends of the length of the grating. This effect can be suppressed by 

using apodized FBGs, which are fabricated with the amplitude of the refractive index 

modulation varying over the length of the grating thus reducing reflections between 

opposite ends of the FBG2 9. Other variations on the standard FBG are available including 

the chirped grating in which the period of the FBG is varied along the length of the 

grating. Chirped gratings are of particular use in telecommunications for dispersion 

compensation210. Blazed Bragg gratings feature the periodic modulation of refractive 

index at an angle to the fibre axis thus coupling light out of the fibre core into cladding 

modes, which can be used for filtering out unwanted frequencies2 11

2.2.2 Strain and temperature sensitivity of FBGs

The central wavelength of FBGs is sensitive to external environmental parameters such as 

strain and temperature. The Bragg wavelength depends on the periodicity of the grating 

and on the effective refractive index of the core; both of these parameters can be altered 

by changes in strain and temperature and this relationship is linear. Equation (2.7) relates 

the change in wavelength to the applied strain and temperature2 6.

X fbg =  2
(  Srieff S A } A/ + 2

z Sfïeff S A }
A + fleff---- A + neff ——

I # a ) I ST a r j
AT (2.7)

Tfbg is the Bragg wavelength, neff is the effective refractive index, A1 is the change in 

length of the grating, A is the periodicity of the grating, and AT is temperature. The first 

term shows the influence of axial strain, applied longitudinally with fibre, on the 

wavelength reflected from the FBG. This corresponds to a change in the grating period 

and the strain-optic induced refractive index change. The 2nd term of the equation
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illustrates the effect of temperature change on an optical fibre. The change in the Bragg 

wavelength is due to thermal expansion changing the grating period and the refractive 

index. Considering only the strain effect, the Bragg wavelength can be expressed by the 

following equation2 12 :

= 4 ( 1  (28)

Where sz is the magnitude of strain applied, p e is the effective strain-optic constant, 

defined as2 6

P, = -f- \P u  ~ v{P» + A i)] , (2-9)

v is Poisson’s ratio, and pu  and p n  are components of the strain-optic tensor. Typical 

values for these in a germanosilicate fibre are pi i = 0.113, p n  =0.252, v = 0.16 and neff = 

1.4822*.
Thermal expansion also alters the grating period of the fibre. The change in 

wavelength of the Bragg grating is represented by (2.10).

M b = 4ac(«A  + «„)A (2-10)

a A is the thermal expansion coefficient of silica fibre, (approximately 0.55*1 O'6 for 

silica)26. an represents the thermo-optic coefficient (approximately 8.6*1 O'6 for silica- 

core germania-doped fibre, at room temperature) 2 6.

f  i
ctK — (2.11)

.AÀÆT j

a., =
A

S n ^
ST

16

(2.12)



Chapter 2

The diagram below illustrates the responsivity of FBGs to both strain and temperature as 

well as their linear response to these two parameters.

1554

1550

6 1550"

1549
1546 -

X =1548.2+ 12.8 xld^TX =1548.2 + 2.0 x l OS  (pe) 1548 -

1542 2000-2000 100 15050
Temperature (WC)Strain (pe)

Fig. 2.6 Spectral response o f the Bragg grating26 a) under application o f stress, b) under 

varying temperature conditions for an FBG fabricated at 1550 nm.

2.2.3 Transverse strain of FBGs

When a FBG is fabricated in polarisation maintaining fibre, two Bragg wavelengths are 

formed due to the different refractive index of each of the eigenaxes. This is illustrated in 

Fig. 23f. The separation of the two Bragg wavelengths is a function of the birefringence, 

the higher the birefringence, the larger the separation between the Bragg wavelengths. 

When transverse strain is applied orthogonally to the direction of the fibre core, it has the 

effect of increasing the birefringence. In Hi-Bi fibre however the strain and the direction 

in which it is applied can be measured by monitoring the Bragg wavelength separation, 

AXfbg, and as such has been proposed as a multi-axis strain sensor213. Transverse strain 

applied to Hi-Bi fibre will alter the birefringence of the fibre by an amount directly
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proportional to the amount of strain applied transversely and the relative angle the load is 

applied to the birefringence axes, thus changing the Xfbg separation.

t  0.6

£  0.4  -

811809807805803801799797

Wavelength (nm)

Fig. 2.7 Transmission Spectrum o f an FBG fabricated in Hi-Bi fibre, viewed in 

transmission when illuminated with a broadband source. The FBG shown was fabricated 

in Fibrecore bow-tie HB750. The XFBg separation is approximately 0.3nm.

Axial strain applied to a Hi-Bi grating will shift both the Bragg wavelengths in the same 

way as shown in Fig. 2.6, but the difference between the Bragg wavelengths of either 

eigenmode will not change, as both modes are being subjected to the same strain. 

Transverse strain has the effect of altering AX.FBg as the refractive index will increase in 

the eigenmode which lies in the plane of applied strain due to the strain-optic effect. 

Conversely, in the eigenmode perpendicular to the direction of applied strain a decrease 

in refractive index will occur, due to an opposing effect, less sensitive than compressive 

strain. The two orthogonally polarised Bragg wavelengths shift under transverse strain is 

given by the equations below2 14
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f [ p 112 A2f 3] (2.13)

AA,

3,/
- y - [ P i i ^3  +  ^ 1 2 ^ 2 ] (2.14)

where 82 and 83 are the average transverse strains in the core of the fibre, pn and pn are 

the strain-optic coefficients for the core, n0 is the nominal index of refraction of the core 

and X2,i and X3,i are the initial, unstrained wavelengths of the peaks. The two graphs, Fig 

2.8 (a) & (b) show the Bragg wavelengths as the FBG is subjected to transverse strain. 

Hi-Bi fibre which has a shorter beat length will have a larger separation of the Bragg 

wavelengths, a fibre with a beat length of 1.6 mm will produce a Bragg separation of 

0.3 nm and An ~ 0.5* 103. The shift in either 1Fb g  is linear, although for a given direction 

of strain application the sensitivities are different. This can be expected as the transverse 

strain will produce compressive strain in the direction of applied strain and an opposing 

tensile strain perpendicular to the direction of applied strain2 14 in the same way as boron 

doped rods induce the permanent birefringence in the fibre during manufacture.
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Fig 2.8 The response o f a FBG fabricated in Hi-Bi fibre to transverse strain applied from  

(a) 6 = 0°, slow axis and (b) 6 = 90°, fast axis. Uncoated 3M-PS-6621 fibre was used, 

results reproduced from (2.13)

2.2.4 Fibre Bragg grating fabrication

Photosensitivity of optical fibres was first discovered during experiments on germania- 

doped silica fibre2"5. During these experiments studying non-linear effects using a high 

intensity beam, it was noticed that attenuation increased in the fibre and a reflection from 

the fibre developed over time. Under analysis, it was deduced that a standing wave was 

forming in the fibre, produced by the interference between the 488 nm laser light
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launched into the fibre and the Fresnel reflection from the cleaved distal end of the fibre. 

The maxima intensity points of this standing wave changed the refractive index within 

the fibre permanently. The induced periodic variation in refractive index along the fibre 

had the same spatial periodicity as the standing wave formed between the laser beam and 

its Fresnel reflection from the end of the fibre, therefore an FBG was being formed at the 

wavelength of the illuminating laser beam, 488 run. The amplitude of the reflection grew 

with time while the fibre was irradiated with the high intensity beam, until a saturation 

point was reached. FBGs of this kind were known as self organising or self induced, due 

to their spontaneous formation. Estimates of the amplitude of modulation of the refractive 

index across the FBG periodicity (An) were 10'5 to 10*6 and the FBG had a bandwidth of 

>200 MHz, which equates to a length of ~ 1 m. Initially FBGs could only be fabricated at 

limited wavelengths26. However, subsequent experimental work by Stone27  

demonstrated that any germania-doped silica fibre was photosensitive in the ultra violet 

(UV) range. The holographic writing technique2 16 shown in Fig 2.9, in which a two beam 

interferometer is used to form an interference pattern on the fibre provided the freedom to 

fabricate the FBG across a wide range of wavelengths212.
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UV beam
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UV
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cladding

Fig. 2.9 Interference pattern on the fibre o f the amplitude splitting holographic FBG 

fabrication technique2'6.

Phase masks, which are diffractive optical elements used to spatially modulate the UV 

writing beam, are now commonplace to produce gratings at wavelengths set by the pre

made mask2 15 as the mask lets light through it only in a spatial periodicity determined at 

the phase masks manufacture. Therefore if the fibre is placed just behind mask for 

fabrication an interference pattern closely related to the phase masks periodicity is

irradiated on the fibre.
Hydrogen loading is also often used in the manufacturing FBGs, it is carried out prior 

to the UV exposure of the fibre by diffusing H2 molecules into the fibre at low 

temperature and high pressure. Exposure to UV irradiation or intense heat will cause the 

H2 to react in the glass, typically at Ge sites. This results in a large permanent refraction
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index change216. This technique has been proven with any Ge02 doped fibre and does not

require any special processing techniques.
The FBGs that have been used in this project have been fabricated using the 

holographic side writing technique first demonstrated by Meltz et al215. This method 

allows the Bragg wavelength of the grating to be chosen independently of the wavelength 

of the irradiating UV light. The equation (2.15)2 6 relates the Bragg wavelength of the 

FBG to the UV writing wavelength and the angle of the intersecting beams.

TleffXu 

~~r 0 ''
sin

(2.15)

0 is the symmetrical angle at which the light from the UV mirrors is incident on the fibre, 

A,fbg is the Bragg reflection wavelength, neff is the effective refractive index of 

propagating fibre mode and X,uv is the wavelength of the UV source. Using the 

holographic technique the Bragg wavelength of the FBG to be fabricated is adjustable 

across a wide range between near the UV wavelength to microwave limited only by the

interferometer configuration.
The laser system used for FBG fabrication in this project consists of an injection

seeded Nd:YAG laser, which is pulsed at 25 Hz. The output at 1.064 pm is frequency 

doubled into the green at 532 nm, and then used to pump a dye laser. The dye laser has a 

tuneable output, which is operated at around the 633 nm region. The output from the dye 

laser is then frequency doubled and mixed with some residual 1.064 pm light, which 

generates tuneable UV radiation in the 240-260 nm range, where fibres are most 

photosensitive2 6 tuning the laser wavelength also allows fine tuning of the FBG to be 

fabricated21?.
A phase mask is used as the beam splitter and the two first order diffracted beams are 

used for each arm of the holographic interferometer. Both beams are reflected off separate 

mirrors and angled back onto the fibre resulting in an interference pattern on the fibre
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corresponding to the Bragg wavelength, the angle of the intersecting beams governs the 

period interference of the fringes which in turn controls the Bragg wavelength of the 

FBG. The resulting interference pattern is shown in Fig 2.9.

During fabrication the formation of the FBG can be monitored by coupling the output 

from a broadband source into a directional coupler with the fibre where the FBG is to be 

fabricated, and attaching the other arm of the coupler to an optical spectrum analyser as 

shown in Fig. 2.10. The back reflection from the FBG can then be monitored so the 

correct parameters of the FBG can be attained.

Fibre reel

couplerBroadband
source

FBG
fabricationSpectrum

analyser

Fig. 2.10 Experimental set up for fabrication o f FBGs

For the FBG fabrication used in this project the fibre in which the FBG was being 

fabricated was connected to the output port coupler, the reflected signal was directed to a 

monochromator and a 5nm region of the spectrum was monitored using an Ocean optics 

linescan CCD array. The fibre was prepared by having its jacket removed with fibre 

strippers so the UV radiation is less attenuated for irradiation of the core of the fibre. The 

angles of the mirrors and the distance to the fibre are then configured to match the 

required Bragg wavelength. The reflectivity of the grating was controlled by terminating 

the fabrication process when the required reflectivity had been obtained, resulting in 

reflectivities between 10% to around 80%. The FBGs were written into fibre which was 

hydrogen loaded prior to UV exposure to increase sensitivity.
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2.3 Summary

Single mode and Hi-Bi optical fibres have proven to be revolutionary for the 

telecommunications industry. They also are invaluable for optical sensing and in 

particular interferometric sensing systems due to their ability to maintain polarisation and 

resist external interference by external forces.

FBGs act as wavelength selective filters, they can be fabricated at any wavelength and 

this wavelength can then be tuned non-permanently, post fabrication, by applied 

temperature or strain. Alternatively by monitoring the Bragg wavelength, the FBG can be 

used as a sensor.
When FBGs are fabricated in Hi-Bi fibre they have a double Bragg wavelength, one 

for each polarised eigenaxes of the fibre, the wavelength separation of the two Bragg 

wavelengths can then be altered by the application of transverse strain, to either reduce or 

increase birefringence depending on the direction from which the strain is applied.
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3: Semiconductor Lasers

The acronym LASER stands for Light Amplification by Stimulated Emission of 

Radiation. Einstein theoretically predicted the laser in 191731 when he proposed 

stimulated emission. The first laser action in a semiconductor was observed in 1962 by 

using a p-n junction diode3 2. Since then there has been a large research effort expended 

in the development of laser systems, and in their applications. The reason for this level of 

interest in the laser is its unique properties including coherence, brightness, directionality, 

monochromaticity and the ability to produce very short pulses of light. The most common 

and cheapest form of laser is the laser diode or semiconductor laser, which has a number 

of advantages that include:

1) Small size that enables it to be incorporated easily into other instruments.

2) Direct pumping by current injection. The small currents involved make it possible to 

drive with conventional transistor circuitry.

3) High efficiency, operating efficiency can exceed 50%.

4) High speed modulation of the injection current is possible.

5) Devices can be engineered into integrated optoelectronic circuits

6 ) Mass production is easily achievable with semiconductor based manufacturing 

technology developed for the electronics industry.

7) Outputs can be easily spectrally and spatially tailored to suit fibre-optic technology.

8 ) They are available in a wide range of wavelengths, from blue to far infra red.

3.1 The principles of operation of the semiconductor laser

In the following sections the principles of operation o f the semiconductor laser will be 

addressed, its basic design and the improvements to its design since its inception. The 

laser needs to utilise stimulated rather than spontaneous emission for its narrow band

29



Chapter 3

coherent output therefore conditions must be met that allow stimulated emission to 

dominate3 2. In order for stimulated emission to occur population inversion must take 

place so that the population of electrons on the upper energy level is much higher than the 

lower level. The process of creating this non-equilibrium distribution is known as 

pumping. The method used for pumping in a semiconductor laser is by direct application 

of an electric current. A semiconductor energy level diagram is shown in Fig 3.1

Conduction band

R E E

N-typeP-type

Valence band

Intrinsic

Fig 3.1 Semiconductor energy levels at OK, Ef  is the Fermi level, from left to right 

Intrinsic, p-type andft-type. The white dots are holes, the black dots are electrons.

At low temperatures all energy states in the valence band are occupied while all energy 

states in the conduction band are vacant. Thermal excites electrons across the bandgap 

leaving space in the valence band allowing electrical conduction to take place. Doping 

with a donor, n-type, impurity provides a surplus of electrons, pushing the Fermi level 

into the conduction band. Doping with an acceptor, p-type, produces an excess of holes 

pushing the Fermi level into the valence band. At higher temperatures there are Quasi-
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Fermi levels for both the valence and conduction bands, allowing electrons to move up to 

the conduction band by absorption. Quasi-Fermi levels are illustrated in Fig. 3.2

E

Fig. 3.2 Semiconductor energy levels when temperature is above OK

The reverse transition results in the emission of a photon. Photons incident on the 

material with energy higher than the bandgap but lower than the separation of the quasi- 

Fermi levels can not be absorbed by the material but can induce the transition of an 

electron from the conduction to valence bands, creating a photon coherent with the 

incident photon, which leads to lasing.

3.1.1 The p-n junction

A semiconductor laser is formed between two layers of semiconductor material, one 

doped positively with an excess of acceptor impurities, holes, in the lattice and the other 

doped negatively with an excess of donor impurities, electrons. When the two types are 

brought together electrons diffuse across the junction form the n-type to the p-type and
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holes from p-type to n-type. This brings the Fermi levels to the same levels for the two 

materials, further diffusion is prevented by this step and a depletion layer is formed. The 

depletion layer is free of mobile charge carriers, creating a potential barrier between the p 

and n regions. When an external positive voltage is applied to the p-type region the 

potential barrier and width of the depletion region are reduced. As the current is injected 

electrons can flow from the n-type material, and holes flow from the p-type material to 

the opposite region. This is illustrated by Fig. 3.3

Fig. 3.3 p-n junction a) with no bias applied, b) with forward bias current applied. D is 

the overlap o f the electron and hole population.

The two Fermi levels are separated with the forward bias, the potential barrier in the 

depletion region is reduced in height and there is overlap between the hole and electron 

populations and population inversion has occurred.
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The forward bias applied to a p-n junction is shown in Fig 3.4

-----

ntype

Active layer Laser Emission

+  +  +  +  +  
ptype

-  1--------

Fig. 3.4 The active region formed between p  and n doped layers

As the carriers recombine across the depletion region emission of light is possible. The 

wavelength at which the particular semiconductor emits light at is governed by the band 

gap energy between the valence and conduction electron bands given by the equation

(3.1) where E is energy, h is Planck’s constant and v is optical frequency.

E = hv (3.1)

Heterojunction structures are made of two different semiconductor materials, which 

differ in bandgap energy and refractive index. They are advantageous over p-n 

homojunctions as they require lower injection currents as there is a refractive index 

difference in the depletion region it increases radiation confinement as it is an optical 

waveguide3 3. Double heterojunction (DH) structures again improved optical confinement 

and reducing required injection currents lower again by a factor of 1003 4. Heterojunction
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structures are capable of operation under pulsed conditions at room temperatures while 

DH structures are capable o f continuous wave (CW) output at room temperatures due to 

their increased carrier and optical confinement. Fig 3.5 illustrates the operation of a 

double heterostructure junction laser diode. As well as increased optical confinement. 

The injected holes and electrons are confined in the active layer increasing population 

inversion for a given injection current.

n2

N  typeActive regionP type

Refrative index profile

Band structure o f  forward biased 
heterostructure laser diode

0  Electron 

0  Hole

Fig 3.5 double heterostructure profile

Multiquantum-well structures3 5 use a very narrow active layer of around 10 nm, which 

reduces the carrier motion. They demonstrate reduced threshold narrower linewidths, 

lower frequency chirp and less temperature dependence due to the better confinement of 

the optical mode.
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3.1.2 The Fabry-Perot cavity

The amplification achieved by passing light of a compatible frequency through a forward 

biased p-n junction is often relatively small; around 10% per meter3 4. This can be 

improved by having highly reflecting surfaces on the ends of the pumped medium. The 

light then passes through the pumped medium multiple times. This form of optical cavity 

is called a Fabry-Perot resonator. When there is high optical intensity and a high degree 

of population inversion due to injection current pumping stimulated emission can 

dominate over spontaneous emission. The lasing threshold is marked by a sharp increase 

in the optical power output versus injection current input known as the I-P curve, as 

stimulated emission begins to dominate, shown in Fig. 3.6 below

Optical
power

Stimulated
emission

Spontaneous emission

Threshold point Injection current

Fig 3.6 Injection current versus optical output power for a typical laser diode 

The threshold current, Ith, can be predicted by Equation 3.23 1
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—  1 , 1ci 4 In—
2L r,r2

(3.2)

p is  a gain factor coefficient constant governed by the material used, typically 2 1 *10"3 3 6. 

(X is the loss coefficient per metre, ri and r2 are reflectivities of the mirrored ends of the 

fibre, and L is the length of the active region. The stimulated emission minority carrier 

lifetime, meaning the time taken for an injected electron to be converted to a stimulated 

emission photon is much shorter than the lifetime of spontaneous emission. Therefore 

increases in injection current will result in a high quantum efficiency typically 50-100%, 

as stimulated emission has a much higher probability, making the output almost entirely 

stimulated emission. To provide feedback for the laser action two parallel end faces are 

prepared, usually by cleaving along crystal planes. Often special reflective coatings are 

not used as the Fresnel reflection is -32% at an air/semiconductor interface, 

semiconductors typically have a refractive index of -3.5 although reflective facets with 

highly reflective coatings, typically over 90%, improve efficiency and lower the lasing 

threshold.

Lasers emit a narrow spectrum of optical frequencies, which is a result of the 

properties of the laser material and of the resonant feedback cavity. Within a defined 

Fabry-Perot cavity length a discrete comb of wavelengths or resonant modes are allowed 

to lase. The frequency separation of these modes is given by the following equation31.

Av, is the frequency spacing of the modes, n is the refractive index, c is the free space 

speed of light and L is the length of the laser cavity. Fig 3.7a) illustrates the comb of 

resonant modes of the feedback cavity. These modes are standing waves that reflect back 

in phase with themselves and so can be amplified by stimulated emission. The natural 

luminescent band of the materials used in forming the depletion region will have a 

distributed lineshape particular to those materials Fig. 3.7b) shows the combined result.
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Fig. 3.7 a) Modes o f the Fabry-Perot laser cavity, b) Modes combined with luminescence 

band o f semiconductor material

For example, in a cavity of length 300 pm and of refractive index of 3.5, the longitudinal 

modes will be spaced by 142 GHz or approximately 0.3 nm at 800 nm. The width of the 

Fabry-Perot cavity is also important and a double heterojunction which comprises three 

layers, P-P-N, structure should have a narrow enough stripe geometry, typically 0.4 pm, 

to allow only the fundamental transverse mode to be supported, removing any high order 

transverse modes which could interfere with the longitudinal modes.

3.2 Semiconductor laser characteristics
The standard semiconductor laser has characteristics that are often relevant to the 

optical system into which the laser is being integrated. The following sections are 

concerned with these characteristics.
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3.2.1 Linewidth and frequency shift

Single mode operation occurs when only a single longitudinal mode exists, therefore 

making the linewidth of the laser very narrow. However, linewidth and wavelength shift 

effects can affect performance further. The cavity amplifies standing waves; therefore 

changes in temperature will expand or contract the cavity and change the refractive index, 

which in turn will affect the wavelengths at which the cavity is resonant. The result is that 

changes in temperature will also shift the operating wavelength. Applying an electrical 

current to the amplifying medium also has an effect by changing the refractive index of 

the material. This is due to the strong coupling between the free carrier density and the 

index of refraction that is present in any semiconductor structure3 7. Therefore, even small 

changes in carrier density will produce a phase shift in the optical field, giving an 

associated change in the resonance frequency31. The change in the wavelength is typically 

0.3 nm/°C, and 0.05 nm/mA. Therefore if  a stable operating wavelength is required, 

careful control of current and temperature is required. Linewidth of lasing F-P structure 

laser diodes is often in the 30 MHz region 31 which corresponds to a coherence length of 

10 m. However, this change in wavelength with injection current means the laser can be 

chirped under varying injection current conditions.

The linewidth of the laser also changes under different output powers, spontaneous 

emission is the dominant source o f noise in laser diodes and is responsible for the 

variation in the phase of the laser output as well changing the gain of the active cavity 

which will alter the refractive index further increasing the phase noise which is the rate of  

deviation in phase and will shorten the coherence length of the laser3 9. Therefore as the 

output power of the laser increases spontaneous emission is less significant and laser 

linewidth narrows.

Laser diodes are also prone to phenomena known as spectral and spatial hole burning, 

both result in multi-mode operation and a decrease in side mode suppression ratio. 

Spectral hole burning is a reduction in the gain in a central lasing mode due to a depletion 

in electrons at that wavelength, which results in an increase in intensity of the side modes 

to that central mode. Semiconductor lasers are usually considered as homogeneously
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broadened amplifiers but a large number of modes exist within the gain curve and the 

modes closer to the centre wavelength will experience greater gain saturation. Each 

electron transition at the lasing wavelength will cause a reduction in gain at that 

wavelength causing the spectral hole. The width of the spectral hole is the order o f l/tm 

where Tin is the intra band relaxation time310 and is in the order of 1-3* 10"13 for both GaAs 

and InGaAsP devices. The development of spectral hole burning as gain increases is show 

in Fig. 3.8, AG is the gain difference between adjacent optical modes Xq and Xi.

AG
Gain

^  ^  Wavelength

Gain
AG

Wavelength

Gain

AG

Low optical 
power conditions

Moderate optical 
power conditions

High optical 
Power conditions

Wavelength

Fig 3.8 The effect o f spectral hole burning under varying optical power conditions.3.7
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Spatial hole burning is caused by un-even carrier diffusion across the active cavity. 

Uneven carrier consumption can cause a reduction in gain in the centre of the active 

cavity and some standing waves are then subject to a different gain to other standing 

waves. When two waves propagate in the active medium they will interfere and increase 

this effect of gain saturation over a larger area within the amplifying medium. As with 

spectral hole burning, spatial hole burning the hole will deepen under increased optical 

intensity311. The carrier density and corresponding optical intensity in an active cavity is 

shown below in Fig. 3.9.

Carrier
density

Optical
density

Lateral Distance within 
Semiconductor stripe

Fig 3.9 Optical intensity with carrier density within the active cavity o f the laser diode

3.2.2 Mode hopping

As the injection current is increased a single mode laser diode can hop from one 

longitudinal mode to another. It is the result of increases in temperature of the device 

junction and injection current induced index change31. The change in refractive index 

with injection current is linear but mode hopping is not a continuous effect and will
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suddenly occur between small changes in injection current. As well as frequency hops 

mode hops can also be observed as power fluctuations in the optical power verses 

injection current graph. Between mode hops, temperature and current change still cause 

drift in the wavelength as discussed in the previous section.

3.2.3 Noise in semiconductor lasers

Noise in laser diodes manifests itself in the forms discussed above, namely wavelength 

drift and mode hopping. Laser diode control systems have been developed with highly 

stable currents and thermoelectric cooling and can often reduce or remove these effects31. 

However, phase noise is intrinsic to all lasers, it is caused by random and discrete 

spontaneous emission that results in intensity fluctuations the spontaneous emissions are 

however an inevitable atomic aspect of the lasing process. Phase noise directly affects 

the coherence length and linewidth of the laser. As phase noise increases, linewidth will 

increase and the coherence length will decrease. Changes in intensity of the output of the 

semiconductor laser can be the result o f temperature variations or spontaneous emission 

in the cavity, these fluctuations are referred to as relative intensity noise (RIN). Typically, 

RIN for a single mode laser diode would be -130 to -160 dB/Hz, although RIN decreases 

as injection current is increased312.

3.3 Techniques for achieving single mode operation and wavelength 

tuneability in semiconductor lasers.

Transverse modes can be controlled by strip geometry31, the narrowing of the active 

cavity which decreases the probability of transverse modes, but longitudinal multi-mode 

operation can still exist. Therefore several techniques have been developed to make single 

mode and mode hop free operation of the laser more probable. Over the next sections 

these techniques will be introduced and their merits and detracting factors discussed. One
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of the first methods was the use of a shortened laser cavity313 (>50 jam), improving 

longitudinal mode selection due to the increased spacing between these modes. This 

technique met with little success due to the difficulty in handling such short cavities and 

their relatively low output power314.

3.3.1 Cleaved coupled cavity lasers (C3)

Cleaved coupled cavity (C3) lasers employ two longitudinally separated active cavities 

as shown in Fig. 3.10, the gap between the cavities being in the region of a single 

wavelength. Cleaving a completed laser chip into two sections forms the C3 laser315. 

Separately controlling the injection currents and temperature of each cavity along with 

temperature allowed side mode suppression of >30dB316. The laser can also be tuned by 

injection current over a range of 15nm within the injection current range although this 

occurs with discreet mode hops every 2 nm317’ 318. The C3 laser works on the principle 

that each cavity is a different size so therefore will have different spacing of cavity 

resonant frequencies. If a standing wave in each cavity matches then the corresponding 

wavelength will be amplified significantly more than unmatched wavelengths and 

therefore achieve a high side mode suppression ratio.

136pm <5um 120um

  ►

Active
cavity

p-typep-type

n-typen-type

heat sink

All four facets 
are cleaved

Fig 3.10 Cleaved coupled cavity laser
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3.3.2 Distributed feedback (DFB) and distributed Bragg reflector 

(DBR) lasers

Two techniques employed to obtain single mode operation and tuneability are the use 

of DBR and DFB lasers. DFB319 and DBR3 20 lasers are both available commercially. In 

the DFB laser a Bragg grating is written into the gain cavity by etching, resulting in a 

periodic variation in refractive index along the cavity in the direction of wave 

propagation. Feedback of optical energy is achieved through Bragg reflection rather than 

by reflection from the cleaved facets. Therefore, the period of the corrugation determines 

the wavelength of the longitudinal mode emission. Fig. 3.11 is a schematic of the DFB 

laser.

Anti
reflection

~ L

A n-type

Grating p-type

Active region

^A nti
Reflection

Fig. 3.11 Schematic o f a DFB laser

DFBs feature a wavelength shift of X/4 to facilitate lasing at the Bragg wavelength. To 

improve efficiency of these devices one facet of the laser often has lower reflectivity than 

the other facet. This also stops unwanted modes appearing as standing waves will not be 

allowed between the facets due to their low reflectivity. Narrower linewidths have been

43



Chapter 3

obtained using these lasers, around 3 MHz313 (2*1 O'5 ran) significantly less than a 

standard Fabry-Perot diode linewidth2 4 typically -30  MHz.

The DBR laser has been less extensively researched. In this configuration the grating 

is etched at the cavity ends so distributed feedback does not occur in the active cavity but 

rather in the unpumped corrugated ends which act as wavelength selective mirrors. The 

reflected wavelength satisfies the Bragg condition and determines the operating 

wavelength of the laser. Fig. 3.12 is a diagram of the DBR laser.

Anti
reflection

A
n-type Active

region

: 1  1  1  ! r  t  «  i  i
p-type

Anti
reflection

Pumped region

Fig. 3.12 Schematic o f DBR laser

Both of these lasers are however significantly more expensive than the basic Fabry-Perot 

design due to the increased complexity of the wafer. Although single mode operation is 

achieved, these lasers still suffer from wavelength shift during variation of the injection 

current resulting in an output chirp, which is a frequency sweep of the output, during 

pulsed operation. In fact wavelength variation in these lasers has been shown to be greater 

than for standard laser diodes, responsivity of 100pm/°C3 67, in comparison with 

30 pm/°C in a standard laser diode. This occurs as DFB lasers have the grating written
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into the active cavity, which is subject to a refractive index change and therefore a change 

in the Bragg wavelength with varying injection current. However DFB lasers do not 

suffer from mode hops to the same effects as standard laser diodes.

3.3.3 External cavity lasers

External optical feedback is often unwelcome in laser’s as it can easily destabilise the 

spectral and intensity properties of the laser. Optical feedback, however can sometimes be 

beneficial to laser diodes as a controlling element. It can enable the suppression of side 

modes3-21,3 22 by the same mechanism as the C3 laser. Wavelength chirp can be reduced 

as the external cavity is not subjected to the same dynamic changes as the active cavity 

and linewidth also be narrowed by optical feedback.3 23. A degree of frequency tuning can 

also be achieved, -1.2 GHz3 24, depending on the phase condition and hence by varying 

the length of the external cavity.

3.3.4 External optical feedback

Much work has been done to investigate the effect that an external optical feedback has 

on the static, dynamic, noise, modulation and spectral characteristics of laser diodes. 

Therefore, most of these phenomena are well understood. This section will explain some 

of these effects and the following section will go on to categorise the regimes of 

operaton325.

Reflected power corresponds to the power re-entering the laser including coupling 

losses. A pigtailed laser is shown in Fig. 3.13
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Fig 3.13 Schematic o f the concept offeedbackfrom an external reflector 

The total feedback is then given by3"7:

F e x t = T]2 Re (3.3)

F e x t  is the total feedback factor, the coupling efficiency is rj, which is from laser to fibre, 

and Re is the Fresnel reflection at the end of the fibre. This assumes the polarization of 

the reflected light is identical to the polarization of the laser’s emitted light. As the 

reflection is increased back into the laser cavity the laser threshold Gth is altered to Gn 

according to equation 3.43"26.

Gn = G th - \c f^ -o o s H ^ m )  (3.4)

Where G t h  is the threshold gain of the laser diode without external cavity feedback, |CE |

is the coupling efficiency between the laser and the external cavity and L is the cavity
3 26length of the laser diode. The threshold depends on the phase of the reflected light, fa  '

( fa t —  '2 .7 1 0  Text
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where v is the optical frequency and the external cavity round trip time is Text.. Changes in 

fen-can cause considerable changes in the required threshold gain3 26.

The external cavity may introduce additional modes, due to the narrowing of mode 

separation in the longer external cavity. The linewidth enhancement factor, describing the 

effect of the carrier density on the refractive indices, must now be introduced, given by 

equation 3.6327.

4/r ôn! 5N ^
a  = ----------------  v>-o)

Where a is the linewidth enhancement factor, A, is the lasing wavelength and ôg/ôN is the 

differential gain. The change in refractive index is over the whole length of the cavity Ls. 

ôn/ôN is the differential refractive index across the cavity. In an external cavity laser, only 

the semiconductor part of the device is active, reducing the effect of the proportional 

refractive index change over the entire cavity. Any change in threshold gain though will 

cause a change in refractive index of the laser cavity using the linewidth enhancement 

factor. A mode can exist in the external cavity when the phase condition of the round trip 

is A(j)L = 0 or multiples of 271, Afc being the phase difference between active cavity modes 

and external cavity modes, as defined in equation. 3.7 below

A(f)L -  —  (2.7zText(u—Uth)+ Csm^lnvText + arctan #)) (3.7)
Text

c I-------- 2  C e  TkvZ I :
= VFerZ-L J Vl + Ctr (3.8)

n
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where C is a feedback parameter introduced in Reference (3.27). t l  is the roundtrip time 

of the active laser cavity, uth is the frequency at which lasing occurs without external 

feedback. For weak feedback from the external cavity, C « l ,  Eq 3.12 has just one 

solution for the optical frequency u. For O l  several solutions where Afa =0 may exist. 

This implies multi-mode operation and mode competition. Spectral linewidth may be 

derived from Eq. 3.9

Au=r 7 ^  W  (3-9)[1 + C cos(^x/ + arctan a  )]

Where Auq represents the linewidth of laser diode with no optical feedback. There are no 

additional cavity modes as long as C<1, although, due to phase of the feedback, the 

linewidth may vary between minimum and maximum, as shown below in equations 3.10 

and 3.113 26.

AUmm= AV0T (3.10)
( i + c y

A Umax = ———y  (3.11)
(1-C ):

These equations are valid for low levels of feedback, C « l ,  and show that for a value of 

C of around unity there can be an infinite linewidth. Numerical analysis performed on 

these equations showed a large linewidth broadening until O l  when 2 external modes 

appear328.
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3.3.5 Feedback regimes

Numerical analysis3 28 of single mode lasers with external feedback has identified a 

number of operating regimes when the laser diode is subjected to broadband optical 

feedback.

Regime 1: Variable linewidth

The first regime corresponds to C < 1, corresponding to ~ Fext<' 10 7. The characteristic 

of this regime is that the linewidth is narrowed or broadened according to the phase of the 

feedback.

Regime 2: Mode hops
This corresponds to mode hopping between different external modes. Several 

solutions of A(f)L = 0 can exist simultaneously and the laser hops between the 

corresponding modes. This was observed in many initial experiments conducted in our 

laboratories via direct Fresnel reflections from beam splitters, fibre ends etc. Regime 2 

occurs at C ~ 1-12, and F ext < 10"5.

Regime 3: Stable narrow linewidth

Under increased feedback conditions, the laser will enter regime 3. With an increasing 

amount of feedback, a strong variation of the gain threshold appears along with a 

reduction in the spectral linewidth. This results in stabilization of the mode with the 

largest linewidth reduction. A stable single longitudinal mode is observed at around C « 

12 (Fext< 10"4) and linewidth enhancement a  = 2.5326. Modes that satisfy Afa = 0 are 

stable when d(A<|>L)/dv >0, however, there are also anti-modes or unstable modes where 

d(A<j)L)/dv <0. The dominant mode has the maximum phase stability and minimum 

linewidth.
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Regime 4: coherence collapse and chaos boundaries

Feedback is increased further and the 4th regime is characterised by strong instabilities. 

There are multiple external cavities, spectral linewidths of several lO's GHz and 

increasing intensity noise up to -130 db/Hz3 26. This increases until there is a complete 

loss of coherence, the so called chaotic state. Coherence collapse has been labeled a 

manifestation of chaotic dynamics3 29. This is unwanted for most uses o f laser that require 

narrow linewidth operation. Fext of around -40 dB of the emitted laser power are enough 

for the laser to enter coherence collapse and the laser linewidth can broaden from a few 

MHz to several GHz. This occurs at a value of C > 40 and F ext of 10"4

The point at which coherence collapse occurs is known as the critical feedback point, 

often called F extc and corresponds to the feedback level at which the 4th state is entered. 

Numerical simulation by Schunk and Petermann3 28 shows that the critical feedback level 

above which coherence collapses occurs increases as a  decreases. This result was later 

confirmed by Tromborg et al3 29. These results suggest that the critical feedback level 

moves to infinity as a  approaches 0. This further implies that coherence collapse could be 

absent from semiconductor lasers that have a very narrow linewidth. This has 

implications for the use of Quantum well lasers which have much smaller linewidth 

enhancement factors than standard laser diodes3 28.

As well as an increase in linewidth, there is also an increase in relative intensity noise 

(REST). The transition to coherence collapse can best be thought of by considering the 

threshold gain difference between the dominant mode with minimum linewidth and the 

mode with minimum threshold gain. With increasing feedback this threshold gain 

difference increases and eventually the laser will become unstable and the coherence will 

collapse. Equations3 30 have been derived which will predict the critical feedback point 

and experimental investigations3 31 indicate that complete coherence collapse or ‘chaos 

boundaries’ occur at feedback levels about 5 dB higher than the critical feedback level, 

therefore this could be thought of as a sub-regime within the 4th feedback regime.
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Regime 5: External cavity dominance

The instabilities of the coherence collapsed regime cease when the external reflectivity 

becomes larger than the laser facet reflectivity. Anti reflection coatings can bring about 

this state as the facet reflectivity is brought close to 0 . The laser facet reflectivity then acts 

as a small perturbation. The transition into this state has been measured experimentally3 32 

to correspond to F e x t~ 0 .2  for a laser diode with antireflection facets.

3.3.6 Diffraction grating external cavity lasers.

Wavelength selective feedback allows more control over single mode behaviour. The 

following sections will concentrate on wavelength selective optical feedback. Bulk optic 

diffraction gratings have also been used as feedback sources for laser diodes3 33' 3 34. The 

diode laser is generally used with an anti reflection coating at one facet of the diode. The 

output from this end of the semiconductor chip is coupled on to the diffraction grating. 

The grating is wavelength selective and is needed since the extended cavity length results 

in reduced mode spacing, making multi mode operation likely if the optical feedback 

were broadband. The narrow spectral reflection from the diffraction grating enables the 

laser system to achieve linewidths as narrow 10 kHz3 35’3 36. The grating can be rotated to 

tune the laser operating wavelength or a liquid crystal array can be utilised to pick out a 

wavelength at which the laser will see feedback3 19,3 34. Fine tuning of the laser can also 

be achieved by adjusting the distance between the grating and the laser, thus adjusting the 

phase of the standing wave within the cavity 3 33. This technique has also been used with 

a GRIN rod lens and a prism grating with a tuning range of around 40 nm and 

demonstrated mode hop free operation3 34. Systems have been experimentally 

demonstrated that show a tuneability of 240 nm, centred at 1550 nm3 35. Fig 3.14 is a 

system diagram of a typical semiconductor laser external cavity diffraction grating 

system.
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LCA

Fig 3.14 Bulk diffraction grating external cavity laser with LCA (liquid crystal 

array).Reproducedfrom Ref. (3.35)

The diffraction grating external cavity laser works on a principle that is a combination of 

the DBR and external cavity techniques. This allows dual benefits of the stability of the 

DBR laser and the tuneability of the external cavity laser. Diffraction grating lasers offer 

single longitudinal mode operation and'ojiave a wide wavelength tuning range. However 

they are expensive and can suffer from mechanical instabilities.

3.3.7 Fibre Lasers

Optical fibre can also be used as an amplifying medium of a laser by doping the core with 

rare earth ions. The most common fibre lasers uses an erbium doped fibre amplifier 

(EDFA) a pumping laser is required at 980 nm and lasing is produced in the 1550 nm 

region3 2. EDFAs have also been employed with FBGs to increase wavelength stability 

and reduce noise3 38. EDFAs are most commonly used in repeater stations in long haul 

telecommunications and use stimulated emission to amplify passing signals. FBG’s are 

often used to reduce amplified spontaneous emission (ASE). However EDFAs can also 

be used with FBG’s as the reflecting facets forming a wavelength selective cavity3 39. The 

erbium gain curve is relatively broad giving the laser a large linewidth up to 20 nm3 39 

which is broad enough to find application in white light interferometry techniques.
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3.3.8 Summary of types of lasers

Table 3.15 is a summary o f laser designs that can achieve tuneability and single mode 

operation.

Laser type Advantages Disadvantages

Standard F-P laser diode Low cost Unstable, Often multi-mode and 
suffers from mode hops

Cleaved coupled cavity lasers
(C )

Single mode operation is 
possible.

Modes hops occur during 
wavelength sweeping

Distributed feedback (DFB) and 
distributed Bragg reflector (DBR) 
lasers

Single mode operation can be 
achieved. Some degree o f  
tuneability. Linewidth reduction.

High cost. Limited wavelength 
tuning range. Suffer from 
wavelength drift under injection 
current variation

External cavity lasers Single mode operation is 
achievable.

Narrow range o f  tuning.

Diffraction grating external cavity 
lasers

Wide tuning range, narrow 
linewidth

High cost, mechanical 
instabilities

Fibre Lasers High power, some degree o f  
tuneability.

High cost

3.4 Dual wavelength lasers

Dual wavelength lasers have been of considerable interest due to their applications for 

sensing systems for extended range sensing, miniature cavity interrogation, signal 

processing340, and beat frequency and microwave generation in communication 

systems3'41.

Specifically they are used for multiplexing of the wavelengths and generation of beat 

frequencies which are used to extend the range of interferometric sensors and encode 

information in communications systems. When two optical waves of different wavelength 

interfere they fall in and out of phase causing a periodic variation in amplitude. The 

oscillation rate of this amplitude variation is known as the beat frequency (or beat length
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which is the corresponding spatial length) and is directly proportional to the difference 

between the wavelengths. The further apart the wavelengths the higher frequency at 

which they will fall in and out of phase. The extinction ratio of the beat frequency is the 

ratio between the maximum and minimum amplitudes of the beat frequency. 

Theoretically, for two equal amplitude signals that are strictly monochromatic and in the 

same state of polarisation, an extinction ratio of 100% should be achievable. The beat 

frequency is given below by (Eq. 3.12)31

mm - 2 ^ 1  - ^ 2) (3-12)

m = 27t/t (3.13)

wm is the beat frequency, w  is the angular temporal frequency and x is the period of the 

wave. A derivation of the beat frequency is given in appendix A. With appropriate tuning 

of separation between wavelengths, a tuneable beat frequency signal can be created on a 

photodetector. The next section explains some of the applications of this heterodyning 

technique, which is the generation of a local oscillator of known frequency used to 

decode in the incoming signal, and some of the techniques used to generate beat 

frequencies.

3.4.1 Beat frequency applications

The advantage of using optical transmission to transmit microwaves for 

communications is the ease with which phase and amplitude of the signal can be 

controlled by adjusting path length of one the wavelengths or subtracting one 

wavelength3 43. The information can then be encoded by the phase or amplitude and the 

beat frequency used as a carrier signal. High speed direct modulation of the laser diode 

injection current can however lead to unwanted transients and harmonics that impose 

noise on the signal, due to extra optical reflections within the diode cavity that are out of 

phase with the modulation frequency. Direct modulation rates o f over 10 GHz using these
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techniques become increasingly problematic whereas with heterodyning two lasers the 

biggest problem is wavelength stabilisation between the sources3 42. During our own 

discussions with Alcatel they have been actively seeking out beat frequency generators of 

10 GHz plus and millimetre wave radio communication networks. Radio communication 

networks could use these beat frequencies as sources because they have the potential to 

provide broadband customer services with tetherless connections and low cost. Applying 

this technique to radio systems rather than using local oscillators in the receivers gives 

more control over the radio emissions3 42. Other uses of beat frequency generation include 

testing response time on photodetectors by increasing the beat frequency and plotting the 

detector response.

3.4.2 Optical generation of microwaves

Early proposals for a system to create a tuneable optically generated microwave beat 

frequency used Stimulated Brillouin Scattering (SBS) in optical fibre. SBS can be 

described as a three wave interaction between an optical pump, an acoustic phonon and 

the scattered signal. Temperature effects the frequency separation of the back-scattered 

Brillouin line3 44, a typical value would be « 5.5 MHz/°C3 45.

Direct modulation of the laser diode injection current can create a periodic amplitude 

variation but results in unwanted harmonics and transients caused by unwanted 

reflections in the chip, chirping of the wavelength under modulation343. Using an external 

modulator with a laser in continuous wave operation can result in 3dB losses and 

modulating at frequencies over 10 GHz can be problematic3 43. As a result heterodyning 

two wavelengths is often the favoured method for optical microwave generation and 

methods have been proposed for tuning the beat signal using multi quantum well DEB 

lasers3 46, 3 41 varying the bias current in one of the lasers while leaving the other 

stationary. Low frequency extinction was estimated at around 24 GHz, and a tuneability 

of 24 GHz to 62 GHz was demonstrated. Beat frequencies have however, been 

experimentally demonstrated up to 40.6 THz3 47 using laser diodes with external cavity 

diffraction gratings.
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The use of a single laser is advantageous instead of heterodyning two lasers as it will 

reduce phase noise due to phase from the same source being correlated, whereas in two 

separate lasers the phase will fluctuate3 48, 3 49. A number of novel techniques have been 

used to achieve multiple wavelength lasers. Lai et al3 50 used an Erbium doped fibre 

amplifier (EDFA) incorporating an optical isolator to produce a ring cavity system that 

emitted at 2 wavelengths 1560.76 nm and 1562.08 nm. A dual wavelength FBG EDFA 

has also been demonstrated3 51. Another dual wavelength FBG EDFA has been used in 

mode locked form with two separate wavelength FBG’s to give picosecond lasers3 52. 

There have also been some cavities that have used highly biréfringent fibre containing 

FBG’s as the source of dual wavelength feedback3 53,3 54 Other methods have been used 

to engineer similar dual wavelength performance from laser systems including diffraction 

grating external cavities3 55,3 56 3 57’3 58 and DFB dual wavelength diodes3 59,3 60, and 3 61

3.5 Fibre Bragg grating external cavity lasers

The use of a fibre Bragg grating (FBG) in a wavelength selective external feedback cavity 

to a laser diode (FGEL) is a simple and effective method of controlling the behaviour of 

the output of the device. These systems demonstrate advantages over distributed Bragg 

reflector (DBR) or distributed feedback (DFB) devices in that the external cavity can 

simply be attached to ordinary Fabry-Perot laser diodes3 62, the most common and 

cheapest form of laser diode with the widest wavelength range available. Therefore, the 

FGEL offers a way of modifying the performance of a low cost laser at low cost. Relative 

to waveguide gratings used on DFB and DBR lasers, FBG’s also display better stability 

and wavelength accuracy due to their lower temperature sensitivity3 62.

Modem dense wavelength division multiplexing (DWDM) telecommunication 

systems are becoming increasingly packed with communication channels, hence narrow 

linewidth tuneable sources are in demand to obtain the most from an optical 

communication network. Other optical systems including sensing schemes and 

spectroscopy may also benefit from these stabilised and narrow linewidth spectral 

attributes 3 62 as uncertainties in the measurand can be reduced.
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3.5.1 Concept of Fibre Grating External Cavity laser diode.

The FGEL relies upon the output from a laser diode being coupled to a fibre containing 

an FBG. Light at the Bragg wavelength coupled back into the active cavity is amplified 

and forces lasing at the Bragg wavelength. Fig 3.16 shows a schematic of a typical 

configuration employing a FBG as a wavelength selective feedback element for a laser 

diode.

Coupling optics Optical Fibre Bragg grating

Laser diode

1 I 1 i Output

I I I I T

A----------►
Active cavity

External cavity

Fig 3.16 schematic o f FGEL laser

The system has two cavities in this configuration, one cavity being the internal 

semiconductor cavity, the other being the coupling optics, the diode cavity and the single 

mode fibre ending at the FBG. The FGEL’s principle of operation is similar in concept to 

the DBR discussed in section 3.3.2, the differences being that only one facet o f the laser 

oscillator is wavelength selective and that the FGEL scheme is more cost effective and 

easier to manufacture.
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3.5.2 Advantages of FGELs

External cavity lasers, as well as offering reduced linewidth3 62 in comparison to

standard laser diodes and DFB lasers, are less sensitive to the most common cause of 

wavelength shift in laser diodes, which are changes in temperature or drive current. A 

laser diode with a Fabry-Perot cavity structure will typically experience a wavelength 

shift of 0.3 nm/°C, and 0.05 nm/mA31, dependent upon the materials from which the 

laser is constructed31. The wavelength shifts are a result of changes in the optical length 

of the cavity caused by temperature or carrier induced changes to the refractive index of 

the active medium. The wavelength shifts induced by a change 8LSc in the length of the 

active region, for a standard laser cavity and an external cavity laser, are given by the 

equations below3 64

ÔX, is the variation of output wavelength, LT is the total cavity length and Esc is the path 

length of the active region of the laser diode.

Since the injection current induced refractive changes take place only in the active 

region, the longer the length of the external cavity laser, relative to the internal cavity of 

the diode, the less sensitive the FGEL will be to injection current induced changes in the 

wavelength of the laser output. This will result in a reduction in the concomitant 

wavelength shift by a factor Lsc/LT. The optical fibre, which acts as part of the cavity, has 

a lower sensitivity to environmental changes, making this hybrid laser more stable in 

response to temperature and current changes than either a DFB or DBR laser, typically 

15 pm/°C, with a cavity length of 30 mm, compared with 100 pm/°C for a DBR laser3 65. 

One of the most practical applications of this stability is that a very low level o f chirp is

(3.14)

(3.14)
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induced when the laser is being modulated. This resistance to chirp can be further 

increased by increasing the external cavity length or shortening the semiconductor path 

length. This latter technique was used to demonstrate experimentally increased 

wavelength change resistance to temperature variation3'66. The manufacture of laser 

diodes with a cavity of less than 50 pm is problematic though3 67, making the use of 

longer external cavities attractive. An external cavity fibre grating laser which used a lens 

tipped fibre3 68 was shown to have 5 times less sensitivity in wavelength drift to 

temperature when compared to a DFB laser between mode hops. Sensitivity to change in 

injection current was also improved by a similar factor when compared to a DFB laser.

Another important benefit of the FGEL laser is its mode hop free operation. Standard 

Fabry-Perot laser diodes exhibit mode hopping across the operational range of 

temperature and current3 69. Under conditions of varying operating temperature and drive 

current, the output from a FP cavity laser diode may exhibit stable single longitudinal 

mode operation or multimode operation. The required conditions for single mode 

operation vary from device to device, but the use of a FBG to stabilise the laser diode 

onto the Bragg wavelength reduces mode hopping significantly3 69. In 1995, Timofeev et 

al3 66 used a shortened cavity laser diode (150 pm). Using return to zero modulation, in 

which the injection current is cut-off between pulses, the external cavity laser diode 

demonstrated a near linear response in the input injection current versus optical power 

output curve due to the FGEL virtually eliminating mode hopping problems. This is an 

improvement with respect to the mode hop induced power fluctuations observed in a laser

diode without external FBG cavity.

When the diode cavity is 25% of the length of the standard diode, the inter mode 

spacing will be increased by a factor of 4. As can be seen from Eq. 3.3 the shorter the 

cavity the greater the distance between adjacent modes. Therefore, no mode hops were 

seen over the current variation range in the test with the shorter cavity. Linewidth was 

also narrowed although output power levels were not as high due to the reduced length of

the amplification medium3 66.

The FGEL laser may be tuneable as is the bulk diffraction external grating laser, it is 

also relatively robust and does not suffer from the mechanical instabilities inherent to
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bulk diffraction external grating lasers. There are many applications of lasers in which the 

ability to tune the wavelength is desired. This may be readily achieved with the FGEL, as 

there are a number of techniques that can be used to alter the Bragg wavelength e.g. via 

the application of strain or via temperature control of the grating as discussed in Chapter 

2. Another advantage of the FGEL is that the Bragg wavelength may be defined at the 

manufacture of the FBG. This can increase the yield on the semiconductor wafer, making 

manufacturing more efficient as low cost Fabry-Perot cavity structures may be forced to 

operate at a desired wavelength by fabrication of an appropriate FBG external cavity, 

potentially allowing all of the chips on a wafer to be used. This is an advantage over DFB 

lasers, which have to be individually tested before packaging to ensure that they match 

the required specifications, leading to a high degree of wastage3 64. A chirped FBG may 

also be used to tune the output of the laser, by applying a pulsed injection current to the 

diode the timing of the optical feedback can be used to pick out a particular wavelength in 

space and time for each pulse to operate on3 70.

The threshold current has also been shown to reduce with the addition of an external 

cavity. As illustrated in Eqs. 3.2 and 3.4, injection current threshold reduces as optical 

feedback and reflectivity into the active cavity increases. Higher coupling efficiency to 

the fibre and a higher reflectivity FBG with a narrow bandwidth together will reduce 

lasing threshold. In 1991, Bird3 71 demonstrated the reduction in lasing threshold brought 

about by optical feedback from an external cavity laser diode, as shown in Fig. 3.17. The 

grating was attached by splicing a FBG on to an AR tapered fibre lens, which reduces 

coupling losses and reflections. The FBG had a reflectivity of around 40% and a FWHM 

of around 0.1 nm, the Cavity length was approximately 8 mm.
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Fig. 3.17 L-I curve o f a laser diode with and without an FBG external cavity3'71

3.5.3 Anti-Reflection coated laser diodes

The standard laser diode is highly efficient in comparison with other types o f lasers31. 

However, when used with an external cavity this means much of the light reflected from 

the external cavity cannot enter the active cavity. The majority of research on external 

cavity lasers has used an anti reflection coating on the emitting facet of the laser chip. 

Facet reflections have been reduced to as low as ~10*3. However, problems have been 

observed with Fresnel reflections (typically 4%) from the cleaved face of the fibre, as 

discussed in the section on feedback regimes. These may be removed by angle polishing 

the face of the fibre3 72 with an angle of as little as 3°. Angle polishing the diode facet may 

also reduce the reflectivity from front o f the active cavity3 72. The experimental 

demonstrations of an angle cleaved laser diode were tested against a similar system with a 

flat diode facet. The technique exhibited improved performance over AR coatings, by 

limited mode hopping and power transition non-linearities. A near linear L-I curve was 

observed, whereas for the non angled output power jumps of up to 30% occurred 

corresponding to mode hops of 0.6 nm.
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There are however, benefits of the reflecting facets of the diode. The cleaved facets of 

the semiconductor chip have reflectivities of 30%, and are parallel, thus working to form 

a low loss cavity. The reflectivity of the semiconductor facets is broadband, thus reducing 

the amplitude of any unwanted external reflections going back to the active cavity of laser 

which could easily destabilize the laser. This means that AR coated FGELs are 

particularly susceptible to the influence of reflections from outside the external cavity. 

This can be avoided by the use of an optical isolator to stop any external reflections into 

the external cavity and active cavities of the diode. AR coated lasers are also expensive 

and require a high quality coupling to the fibre to be effective. Non-AR coated laser 

diodes employed in external cavity systems suffer from competition between the modes 

of the two cavities3 73.

3.5.4 Early FGELs

The first interest in external cavity configurations employing side etched fibre Bragg 

reflectors’s was in the mid 1980’s374 The linewidth narrowing performance was 

comparable with external air cavities or bulk diffraction gratings. A 2m long fibre cavity 

and a low reflectivity FBG was demonstrated and later the same year another external 

cavity FBG laser was presented3 75 and substantially narrower linewidths were obtained 

using shorter cavity lengths (0.11 m compared to 2 m) and a high reflectivity FBG (90%) 

in the external cavity. The Bragg wavelength of the grating was temperature controlled 

and no mode hopping was observed until a change of 40°C, when the FBG mode hopped 

by 1.3 nm.
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Table S. 18 Chart detailing the early external cavity Bragg lasers that have been

published.
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(3.74) 1986 1300nm 60kHz 20dB Low 2m No First paper proposing 
linewidth reduction for 
FGELs

(3.75)

1986 1500nm 10kHz 25dB <90% 0.11m No Further improvement on 
linewidth reduction 
capabilities o f  FGELs

(3.70) 1991 1550nm <50kHz >30dB 40% 60mm Yes First non etched FBG FGEL

(3.77) 1992 1550nm NA NA 63% NA Yes Proposed as source for 
soliton systems, threshold 
reduction reported

(3.66) 1995 1553nm NA 45dB 65% 50mm Yes FGELs shown to have 
improve resistance to mode 
hopping under varying 
injection current conditions

(3.78) 1996 1530nm NA NA 24% 10mm Yes Experimental results report 
increased temperature 
stability for FGELs

NA: Not available

3.5.5 Multiple wavelength FGELs

FGELs have been used for beat frequency generation by using separate external 

cavities on different laser diodes3 77. Each grating was temperature tuned to give a 

tuneable beat frequency. This had previously been done with DFB lasers but due to the 

narrower linewidth of FGEL laser the generated beat frequency had a narrow linewidth of 

50 kHz.

A novel method of producing switchable wavelength pulses was also proposed by 

oscillating the injection current of the laser diode to match the resonant cavity frequency 

of one of the FBGs which are at different spectral and spatial locations in the cavity3 78.
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A ‘wavelength uncommitted laser’3 79 was presented in which gratings were packaged 

within FC-PC connectors and used in conjunction with AR coated laser diodes. A 

selection of easily changeable gratings were available for the device, the wavelengths 

used spanning 1480 nm -  1573.6 nm. This represented the first changeable rather than 

tuneable external cavity laser, which demonstrated high quality CW performance. Side 

mode suppression ratio of 50 dB at a power output of 1 mW was achieved. Fibre 

switches could also be used to select different wavelengths3 80 as they have low insertion 

loss (<ldB) and low optical cross talk (<40dB).

3.5.6 Other uses of FBG external cavity lasers

Other uses of the external cavity lasers include mode locking and coherence collapse. 

An external cavity FBG can be used in actively mode locked systems3"78. In these 

systems, there is a strong need for AR coating on the semiconductor facet, as the grating 

must be the only form of feedback. Mode locking is initiated by modulating the injection 

current at the characteristic frequency of the optical cavity, the round trip time. There is 

an example of this system being used in this configuration to produce a soliton source3 76. 

Hybrid systems consisting of DFB lasers and external cavities have been employed but as 

yet there are no reports of the use of FBG’s3 76 Chirped gratings may also be used to tune 

the frequency of the mode locked pulses3'70.

Coherence-collapsed systems are used without AR coating3 30, as the object of 

operation is to destroy the coherence of the source. The most common way of 

constructing these systems is to place the feedback grating beyond the coherence length 

of the diode thus making the feedback incoherent with the source. High frequency noise 

increases and the low frequency noise normally characterized by mode hops decreases, 

stabilising the power greatly. Another common use of this is pump sources for EDFAs3 81.

External cavities have also found application as vibration sensors3'82, 3 83 and 

displacements of the external feedback source as small as 10*4 mm where detected.
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3.6 Summary

Semiconductor lasers are low cost which has made them the subject of much research 

and used in ever expanding applications. There are however some problems with their 

performance such non-linearity in power output, wavelength drift, multi-mode operation 

and mode hopping. These problems can result in errors in the signal in a communications 

system or uncertainties in the measurand in a sensing system. Therefore a number of 

techniques have been developed to counter these characteristics, they include DBR and 

DFB laser configurations which are expensive and can still suffer from wavelength drift. 

The external cavity diffraction grating laser was proposed as a solution, it is capable of a 

wide tuning range but also can be expensive and suffer from mechanical instability. 

FGEL lasers however are lower cost and meet requirements of single mode operation, 

high efficiency during production, reduced threshold, wavelength stability, tuneability and 

narrow linewidth. They can be used for a number of applications including multiple 

wavelength generation for synthetic wavelengths and beat frequencies.
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4: The Fibre Bragg Grating External Cavity Laser

This chapter will present results on the characterisation of a 5420 laser diode 

manufactured by SDL, to highlight some of the problems associated with the 

performance of a standard laser diode, and will then contrast these results with those 

obtained from the characterisation of the same laser diode with an external cavity.

4.1 SDL laser diode

The laser diode used for the construction of the dual wavelength laser is a SDL 5420 

laser diode. The laser has it has a peak output power of 150 mW and the spatial profile of 

the output is diffraction limited which aides coupling efficiency of the optical power into 

single mode optical fibres. It combines index guided and quantum well structures, and, 

like most Fabry-Perot structure diodes the output suffers from spectral broadening, mode 

hopping and wavelength drift. Table 4.1 illustrates the manufacturers quoted 

performance characteristics41

Table 4.1 Manufacturers predicted performance characteristics o f  the SDL 5420 laser 

diode4'1

Laser characteristic Typical value Units

Max CW output power 150 (mW)
Centre wavelength 809+/-4 (nm)

Max operating current 230 (mA)
Threshold current 35 (mA)
Slope efficiency 0.75 (mW/mA)= Po/(IoD-Ith)

Temperature coefficient of 
wavelength

0.3 (nmZ’C)

Single mode operation Single mode operation is possible with this laser at certain 
values of temperature injection current and optical 
feedback
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4.1.1 Characterisation of laser diode

Characterisation of the laser diode was required to facilitate an assessment o f the 

effect o f the application of an FBG external cavity. The anticipated effects of the addition 

of an external cavity include reduction o f threshold conditions, smoothing of the L-I 

graph due to a reduction in mode hops. Mode hopping with change in injection current is 

a well known effect4 2. The experimental set-up is shown in Fig 4.2

SDL 5420 
Laser diode

Angle 
Polished fibre 

ferrule end

Fibre ~3m

Ando
AQ-6310b

Spectrum analyser

Fig 4.2 Experimental configuration for the analysis o f SDL 5420 output

As external optical feedback can destabilise the laser4 3, a polished fibre end angled at 

8° to the normal was prepared. Lenses with correct focal length and anti reflection 

coatings were used to couple light into a single mode optical fibre to minimise any back 

reflections. An OFR PAL-TE-850, which is a commercially available diode to fibre 

coupler used. Coupling efficiency was adjusted to <5% of laser power, preventing de

stabilising external reflections. The distal end of the optical fibre was then angle cleaved 

and attached to the Ando optical spectrum analyser, which has a spectral resolution of
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0.1 ran, using an FC ferrule connector. Using this experimental configuration the lasing 

threshold and the stability of the operating wavelength could be observed as the injection 

current was adjusted. Fig 4.3 shows the evolution of the spectral output of the laser with 

increasing injection current when the temperature was stabilised at 21°C ±0.1.

813 i

812 -   -

?  811 " "
S  ——
£  810
D) —
!  809 - -------
jo
5  808 - _ _ _

807 -

806 ----------- 1---------- 1---------- 1---------- 1 i i ■ i i
0 20 40 60 80 100 120 140 160

Injection current (mA)

Fig. 4.3 Spectral output o f  the SDL 5420 laser with varying injection current. The 

temperature was stabilised at 21 °C ±0.1.

The mode hops and multimode operation commonplace in the spectrum of standard 

laser diodes are evident. This is due to the change in refractive index within the laser 

cavity. As the refractive index and temperature changes, the wavelength of the dominant 

mode shifts, this manifests itself in mode hops as well as wavelength drift and multiple 

mode operation states. It is an undesired effect for optical sensing systems, specifically 

interferometric systems, as errors can be introduced into the recovered values of the 

measurand due to the instability of the laser. Sensors often require calibration to the 

wavelength of the laser If a mode hop or wavelength drift occurs then it is ambiguous 

whether the measurand has changed or the laser wavelength has changed. Mode hops can
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also cause power fluctuations in the laser output41. In the same way that wavelength 

changes can create uncertainties in the sensor unexpected changes in the optical power of 

the laser will mean ambiguities in the measurand. Fig 4.3 was taken when the 

temperature of the laser diode was stabilised at 21°C ±0.1. However, mode hopping and 

multimode operation were observed across a broad range of temperatures.

An L-I measurement was also taken by monitoring the laser output power as a 

function of injection current. The experimental set up used to monitor this is illustrated in 

Fig 4.4. As in the measurement of the laser, anti reflection coated lenses and an angle 

polished ferrule end where used to reduce potentially destabilising reflections.

OFR Anti reflection
lenses

SDL 5420 
Laser diode

Angle 
Polished fibre 

ferrule end

Single 
mode fibre 
Spectran 
(FS-SMC- 
AO780B)

Photon Control

power meter

Fig 4.4 Experimental set up for measurement o f L-I graph

The L-I graph, Fig 4.5, illustrates that the output power is not linear with injection current 

due to mode hops and multi-mode operation. It is noticeable how some of the major 

deviations from the linearity of the L-I graph occur at points of significant mode hops on 

Fig 4.5, ~ 105 mA and 65 mA.
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Fig 4.5 L-I graph o f SDL 5420

The deviations in the output power of the laser are the result of mode hops as the 

injection current changes the refractive index of the active cavity. The temperature of the 

diode was stabilised to 21°C ±0.1.

4.2 Laser diode with External cavity FBG

A FBG external cavity laser was prepared with as narrow bandwidth FBG as possible, 

as short an external cavity as could be permitted and as high a reflectivity as could be 

permitted. Practically, however, during fabrication reflectivity is related to FBG 

bandwidth, the higher the reflectivity the broader the FBG would be and priority was 

given to having a narrow FWHM FBG.

The same experiments performed in section 4.1.1 are repeated on an SDL 5420 laser 

diode with a FBG external cavity. The performance of the external cavity laser was 

evaluated, and effects observed including threshold reduction, wavelength and power 

stabilisation. The FBG used had a peak reflectivity at 808.9 nm, a FWHM of 0.15 nm, 

measured by illuminating the FBG with the laser diode in pre-threshold mode and
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measuring the spectrum on an Ando AQ-6310b. The FBG was fabricated in Spectran 

(FS-SMC-AO780B) using the hydrogen loading method described in chapter 2.

The output form the laser diode was coupled to the fibre with a OFR PAL-TE-850, 

which achieved a coupling efficiency of -35%, quantified by taking a relative 

measurement to the laser diode’s maximum power output. The fibre used had a ferrule 

end which was angle polished to 3° to reduce unwanted back reflections. Fig 4.6 is a 

schematic of the FGEL, the external cavity length is approximately 65 mm.

Laser diode
Coupling optics Optical Fibre Bragg grating

I I I I Output

I I I I T

<  ►
Active cavity

External cavity 
65mm

Fig 4.6 SDL 5420 with external cavity FBG in Spectran single mode fibre

Fig. 4.7 shows results of the measurements of wavelength as a function of injection 

current on the laser with an FBG external cavity. The FBG can be seen to reduce mode 

hopping, thus stabilising the wavelength of the laser under conditions of changing 

injection current, and also to reduce the injection threshold to 15 mA, from the 

preliminary measurement of 27 mA was observed.
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Fig. 4.7 Wavelength stability o f FGEL laser in comparison with same diode with no 

external cavity. The solid line is the FBG external cavity laser, the dotted line is the laser 

diode with no external cavity. The temperature was stabilised at 21°C ±0.1.

The L-I graph is also re plotted in Fig. 4.7 for the SDL 5420 diode with an external cavity 

to illustrate the stability of the external cavity laser. Although output is not linear the 

kinks are significantly less prominent than those seen in the output of the diode when no 

external FBG cavity is attached. This is directly related to the increased wavelength 

stability of the diode with the external cavity. The slight variation in the wavelength of 

the external cavity laser comes from the spectrum analyser’s read out function, it is 

unnoticeable on the display trace and less than half the resolution of the Ando AQ 6310b 

optical spectrum analyser, 0.1 nm.
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Fig 4.8 Comparison o f L-I graphs o f SDL 5420 diode with and without an external cavity 

FBG. The solid line is the FBG external cavity laser, the dotted line is the stand alone 

laser diode. The temperature was stabilised at 21 °C ±0.1.
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4.3 Linewidth measurement

One of the benefits of FGEL lasers is reduced linewidth, with linewidths of 10 kHz4 3 

reported. This is a considerable improvement on standard Fabry-Perot laser diodes which 

typically have linewidths of around 20 MHz, equating to a coherence length of around 

15 m. Linewidth is an important characteristic for lasers, narrow linewidths are often 

desired in, for example, densely populated communication channels and heterodyne beat 

frequency generation where a narrower linewidth will result in a narrower spectrum beat 

frequency. Also, as a narrower linewidth is intrinsically linked to a longer coherence 

length, increasing the range of an interferometric sensor in, for example, optical 

frequency domain reflectometry4 2.

A linewidth measurement was undertaken on the SDL laser diode using a delayed 

self-heterodyne technique44 in which part o f laser output itself is used as a local 

oscillator. The technique offers a linewidth resolution proportional to the distance of the 

delay line used in the experiment. The principal is illustrated in Fig. 4.^. The output of 

the laser is divided into two paths, branches A and B. Branch A is subjected to a time 

delay, Td, by routing it through a length of single mode fibre, which must be longer than 

the coherence length of the laser, as the output must be uncorrelated with its own delayed 

signal. Branch B is subjected to a frequency shift, 7ts, which must be higher than the 

spectral width to be measured to reduce correlation. The two branches are then combined, 

the resulting signal is measured on an electronic spectrum analyser. As the mixed signal 

is uncorrelated it will display a FWHM 3 dB wider than the original spectrum due to both 

signals being equally noisy. Assuming the spectrum is Lorentzian4 5 a typical laser diode 

lineshape, the FWHM is twice its original value and can be measured by radio frequency 

measurement of the combined signal output.
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Laser Electronic Spectrum
diode analyser

Lens <r h >

Beam
splitter

Branch B Beam
splitter

\ i AOM y
/ ;

1

Lens
80MHz signal

applied

Photodetector

Lens

Polarisation
controller

Fibre delay line

3
3
3

Branch A

Fig. 4.9 Experimental configuration for measurement o f laser linewidth, AOM: Acousto- 

optic modulator.

A fibre polarisation controller was used on the delayed path to ensure there was no loss of 

the beat signal. The 1st order beam of a acousto-optic modulator, (Isomet 1205c-2) was 

used to frequency shift the local oscillator branch by 80 MHz, enough to separate the two 

branches in wavelength by larger than the expected linewidth which is around 30 MHz 

for semiconductor lasers. The acousto-optic modulator was driven by an RF signal
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generator (Isomet D301b) and tuned by the application of a DC signal. Beam splitters 

were 50/50 split ratio non-polarising and 400 m of Spectran FS SMC AO 780B fibre was 

used to provide the delay line which corresponds to a Td of 2ps and hence an achievable 

resolution of around 500 kHz. A Hamamatsu C4777 8B-005 photodetector with a 

frequency bandwidth up to 100MHz and a photosensitivity of -2.5* 105 V/W, converted 

the optical signal into an electrical signal which was then sent to the spectrum analyser 

(Hewlett-Packard 8591a controlled via GPIB by a PC using Labview™ software).

Fig. 4.10 Shows the measured linewidth of the laser diode. At the FWHM point (- 

3 dB) a spectral spread of ~ 5 MHz is seen which gives a true linewidth of around 

2.5 MHz equivalent to a coherence length of around 110m presuming a Lorentzian laser 

line shape.

Fig. 4.10 Linewidth o f the SDL 5420 laser diode as displayed on the Hewlett-Packard 

8591a electrical spectrum analyser

Throughout most of the injection current range however the laser diode operated on more 

than one wavelength. Several windows exist however during which a side mode

5MHz
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-40
60 65 70 75 80 85 90 95 100

Frequency
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suppression ratio of 15 dB was achieved, the above linewidth measurement was taken 

with an injection current of 71 mA and a temperature of 20°C.

4.2.1 Linewidth Reduction using an external cavity fibre Bragg grating

The use of a FBG as an external cavity has been shown to reduce the linewidth of a laser 

diode44. A FBG, depicted in its transmission spectrum in Fig. 4.10, was fabricated in 

Spectran SM fibre at 804.5 nm with a FWHM bandwidth of ~ .12nm and a reflectivity of 

-16%. A coupling efficiency of around 30% was achieved when coupled to a SDL 5420 

laser diode and the FBG formed an external cavity approximately 35 mm long. A 

schematic o f the laser is shown in Fig 4.12
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Fig. 4.11 Transmission spectrum o f FBG used in linewidth measurement.
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Laser diode
Coupling optics Optical Fibre Bragg grating

I 1 1 I Output

< £ £ £ = ( EZEZ3Z3ZZ

Active cavity

External cavity 35mm

Fig. 4.12 FGEL laser system used in linewidth measurement experiment.

A threshold current reduction from 34 mA to 18 mA was observed, the laser was seen to 

operate on a stabilised single longitudinal mode over the full range of the injection 

current. Its spectrum is shown in Fig. 4.12.
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Fig. 4.13 Spectral Output o f FBG laser diode
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The same experimental set up was used as for the laser linewidth measurement without 

external cavity as was shown in Fig. 4.8.

Results show a linewidth of <500 kHz, Fig 4.13), limited by the fibre delay line, 

equivalent to a coherence length of over 600 m, a significant reduction on the ~  2.5 MHz 

linewidth demonstrated by the laser diode with no external cavity.

-12
E
g  -15 

-18
500 kHz

-21

-24
-27

80 81 8278 79
Frequency (MHz)

Fig. 4.14 Linewidth o f the SDL 5420 laser diode with external FBG cavity as displayed 

on the Hewlett-Packard 8591a electrical spectrum analyser
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4.4 Summary

The SDL 5420 laser diode has been characterised and it was shown that it suffers from 

many of the same problems as standard laser diodes, such as mode hopping, multimode 

operation and an uneven L-I curve. The addition of a FBG external cavity demonstrated 

that mode hopping and multi mode operation can be significantly reduced, making laser 

diodes more reliable sources for both communication and sensing systems. Threshold 

current has also been shown to be reduced, increasing the dynamic range of the 

modulated laser diode. Non-linearity and kinks in the L-I graph as also been show to be 

reduced.
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5  E x t e r n a l  c a v i t y  F B G  s e m i c o n d u c t o r  l a s e r  b a s e d  o n  

H i - B i  f i b r e

In this chapter a novel external cavity laser is demonstrated experimentally. It is based on 

a FBG fabricated in highly biréfringent (Hi-Bi) fibre and offers the ability to switch 

between modes that are separated in polarisation and wavelength. FBGs fabricated in Hi- 

Bi fibre have been proposed previously as feedback sources for fibre laser’s51,52,53 

primarily to control the state of polarisation of the laser and aid the lasers long term 

stability54.

5.1 The Hi-Bi FGEL

The Hi-Bi FGEL laser configuration is based on the use of FBGs fabricated in Hi-Bi 

fibre and exploits the difference in the wavelength of the Bragg reflections of light 

populating the orthogonally polarised eigenaxes of the fibre. Feedback from a FBG 

written in Hi-Bi fibre then results in the laser operating on two longitudinal modes that 

are separated in both wavelength and polarisation. The wavelength separation o f the 

orthogonally polarised Bragg reflections can be calculated using the Bragg and 

birefringence equations below5 4.

L“ =  n (5.1)
effa effy

AABg — 'lkn ej j h  (5.2)

Where LB is the beat length, X is the operating wavelength, neffx and nefïy are the effective 

refractive index of the fibre in each orthogonal axis; Aneff is the difference in refractive 

indices between neffx and nefiy, AXBg is the difference in Bragg wavelengths and A is the
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period of the FBG. Therefore, a Hi-Bi fibre with a beat length of « 1.6mm will produce a 

corresponding wavelength separation of 0.3 nm, A variation in refractive, An, of 0.5 10 , 

between the orthogonally linearly polarised modes of the reflection from the FBG. The 

fibre used in the experiment was bow-tie, Fibercore (HB 750), with a cut-off wavelength 

of 750 nm, a cladding diameter of 125^m and a numerical aperture of 0.15. The fibre was 

hydrogen loaded for 7 days in a pressure vessel at 130 bar to increase photosensitivity in 

the fibre prior to fabrication. The FBG was subsequently fabricated using a wavelength 

tuneable UV source and phase mask based interferometer5 5 as described in chapter 2. 

The FBG was fabricated 250mm from the end of the fibre. The fibre was glued into a 

ferrule and subsequently angle polished at 3° to reduce unwanted reflections from the 

fibre end back into the active laser cavity that could de-stabilise the laser5 6. The FBG had 

a reflectivity of 40% and a bandwidth of 0.15 nm (FWHM). However due to the FBG 

being fabricated in Hi-Bi fibre, the FBG displayed two centre wavelengths one at 

807.1 nm the other at 806.8 nm. As shown in Fig 5.1

£  0 . 8 -

0.2
811809807805803801799797

Wavelength (nm)

Fig. 5.1 Spectrum o f the Hi-Bi FBG used in the external cavity

Light was coupled into the fibre using anti reflection (AR) coated lenses to further reduce 

unwanted reflections. A 150 mW, SDL 5420, non-AR coated 809 nm laser diode was 

coupled to the angle polished end of the fibre. The laser diode was driven with an
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injection current of 60 mA and the operating temperature was stabilised at 21°C ±0.1. A 

coupling efficiency of 40% was achieved. The optical length of the external cavity was 

320 mm. A halfwave plate was used to adjust the orientation of the polarisation of output 

of the laser with respect to the eigenmodes of the fibre. Transverse load applied to the 

FBG was used to adjust the birefringence and thus the separation of the Bragg 

wavelength o f the reflection from each eigenaxes of the fibre. The load was applied by 

positioning the FBG, which has its coating removed, between two glass slides alongside 

an identical fibre to ensure even distribution of the load to the fibre. This allows the 

switchable laser to then be tuned by application of the load. The experimental 

configuration is shown in Fig. 5.2a & b. 

n) „ .. .. Optical Fibre Applied load

Laser diode
Coupling optics

1 i i  I Output

I I 1 I T

Active cavity

X/2 plate Bragg grating

External cavity

b)

Glass slides

Applied load

4
Fast axis

Slow axis

Fig. 5.2 a: Experimental arrangement for the Hi-Bi polarisation and wavelength 

switchable laser, b: Transverse strain apparatus. The slow axis o f the fibre is orientated 

orthogonally to the direction o f applied strain as shown in the diagram o f the cross 

section o f the fibre. A weight is placed on the top glass slide to induce transverse strain.
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5.2 Wavelength switching

The FBG feedback was seen to reduce the laser threshold to 16mA, when light was 

coupled into the slow axis. The corresponding threshold current when coupled to the fast 

axis was 18mA. The spectrum was observed using an Ando AQ-6310b optical spectrum 

analyser with a resolution of 0.1 nm. As the X/2 wave plate was rotated the proportion of 

light coupled into each eigenmode was varied, allowing lasing on a longitudinal mode 

corresponding to either eigenmode, or allowing both modes to lase simultaneously. The 

spectral output of the laser under different conditions of polarisation coupling is shown in 

Fig 5.3. The wavelength separation of the two modes is 0.3 nm, equal to the change in 

Bragg wavelength between each eigenmode. This matches the separation expected from a 

FBG written in Hi-Bi fibre with a beat length of 1.6 mm at 810 nm.

Fig. 5.4 plots the relative intensity o f each mode under different states o f polarisation 

coupling. The laser can be seen to switch the wavelength and polarisation of its output. 

The laser operates in 3 regimes. In regions A and C the laser operates on a single 

longitudinal mode that is orthogonally polarised for each region. In region B both 

orthogonally polarised modes co-exist, since the eigenaxes of both modes are equally 

populated. A rotation of the waveplate by 45° is required to alter the polarisation by 90°. 

As the waveplate is rotated to a point -4 1 °  from being orientated in line with the slow 

axis, a transition occurs, feedback increases and lasing threshold is passed. 

Simultaneously an opposing effect is occurring in the slow axis and at ~ 49° feedback 

decreases to a point where lasing will cease. The switching effect between wavelengths is 

reciprocal when the waveplate is turned in the other direction.
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Fig 5.3 Spectrum o f Hi-Bi laser as the A/2 wave plate is rotated through 45
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Fig. 5.4 SDL 5420 laser diode with Hi-Bi fibre FBG external cavity. The relative 
intensity o f the orthogonally polarised modes as the plane of polarisation o f the output of 
the laser is rotated. The square points represent the relative intensity o f the fast axis 

mode, and the triangular points are the relative intensity of the slow axis mode.
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5.3 Wavelength tuning by transverse strain

As discussed in section 2.2.3, the application of transverse load to a FBG fabricated in 

Hi-Bi fibre will cause a change in birefringence of the fibre, which will in turn alter the 

difference between the Bragg wavelengths reflected from either eigenmode5 7. Tuning of 

the wavelength separation between the modes of the fibre may thus be achieved by 

transversely loading the FBG. A series of increasing weights were used to transversely 

load the fibre, using the apparatus shown in Fig 5'}b. The FBG was in parallel with 

another fibre of the same type whose coating had also been removed to ensure that load is 

applied from an orthogonal direction. A cross section of this experimental configuration 

is shown in Fig 5.1b.

Applying the load parallel to the fast axis reduces the birefringence of the fibre, 

causing the wavelength separation of the two modes to decrease. Fig. 5.5 shows the 

dependence of the lasing wavelengths upon the applied transverse load. Loads of up to 

0.34 N/mm were placed on the fibre, and a linear dependence of the wavelength 

separation upon the applied load was observed.
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5.4 Benefits and potential applications of the external cavity FBG 

semiconductor laser based on Hi-Bi fibre

The external cavity Hi-Bi laser offers new methods of switching and tuning the 

spectral output of a stabilised laser diode58. This chapter has experimentally 

demonstrated a stabilised wavelength switch of 0.3 nm dependant on birefringence of the 

fibre used to fabricate the FBG. As the polarisation of the laser switched by 90° there is 

also a concomitant switch in wavelength. The transverse loading of the FBG varied the 

separation of the modes between 0.3 nm and 0.2 nm, which corresponds to a beat length 

tuneable from 2.17 mm to 3.25 mm, and a beat frequency tuneable between 138 GHz and 

92 GHz.

Using the Hi-Bi laser as a beat frequency source would require the use of a polariser, 

orientated at 45° to either axis at the output of the laser, selecting a component of each 

orthogonally polarised mode. If a component exists in both polarisation states it will 

create a potentially tuneable beat frequency. This has applications in, for example, the 

signal processing of miniature Fabry-Perot cavities5 9.

Using an electro-optic liquid crystal device to define the polarisation of the light 

coupled into the fibre would permit the laser to be controlled electronically.

The methods presented here have advantages over alternative techniques such as 

distributed feedback and distributed Bragg reflector laser diodes as they are spectrally 

stable and will not shift wavelength, in response to a varying injection current510. Also, 

they are advantageous due to the increased control o f tuneability FBGs have and the 

significantly lower cost, in that the technology can be applied to the simplest low cost 

non AR laser diode.
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5.5 Summary

The Hi-Bi laser demonstrated stable operation on two orthogonally polarised 

longitudinal modes. The laser could be switched between modes by the rotation of a 

waveplate, allowing the output of the laser to be switched in both the polarisation and 

wavelength domains. Alternatively the laser could operate simultaneously on two modes. 

Transversely loading the fibre allows the wavelength separation of the two modes to be 

controlled. These characteristics could find use in polarisation and wavelength domain 

multiplexed sensing schemes. As wavelength separation between switchable modes of 

the laser is defined by fibre birefringence it is easily calibrated which has applications in 

multiple wavelength signal processing techniques5 8. The transverse loading of the FBG 

varied the separation of the modes between 0.3 nm and 0.2 nm, which corresponds to a 

beat length tuneable from 2.17 mm to 3.25 mm, and a beat frequency tuneable between 

138 GHz and 92 GHz.
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6  E x t e r n a l  c a v i t y  F B G  s e m i c o n d u c t o r  l a s e r  b a s e d  o n  

m u l t i p l e  F B G s

In this chapter a novel external cavity laser is demonstrated experimentally. The external 

cavity comprises two spatially separate fibre Bragg gratings fabricated in mono-mode 

optical fibre. The central wavelengths of the two FBGs are tuneable independently, 

allowing the laser to be used for tuneable beat frequency generation. A three FBG 

external cavity laser is also demonstrated experimentally, which can potentially generate 

simultaneously three tuneable beat frequencies.

6.1 Multiple wavelength FGEL lasers

Dual wavelength lasers have been the subject of considerable research interest for several 

applications including interrogation of miniature cavity sensors61 and as an illuminating 

source for broad FBG sensors to reduce uncertainty in the measurand6 2. They have also 

found application as sources capable of producing beat signals at microwave frequencies, 

which is desirable for electronic signal processing systems62,6 3. Beat frequencies have 

been generated previously using separate laser cavities62,63. However, systems 

employing separate cavities can suffer from phase noise and drift, making a single cavity 

dual wavelength laser preferable for producing stable beat frequencies. In this chapter 

two novel FBG external cavity laser configurations are demonstrated experimentally. 

Both use the light reflected from the FBGs to force the laser to operate at the two Bragg 

wavelengths. The central wavelengths of the FBGs are independently tuneable allowing 

the generation of a tuneable beat frequency.
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6.2 The Dual FBG External cavity laser

This laser configuration employs two spatially separate FBGs. The FBGs were fabricated 

in single mode fibre at two different wavelengths, forcing the laser to lase on two 

longitudinal modes. The experimental configuration is outlined in Fig. 6.1.

Laser diode 
(SDL 5420)

I
Coupling optics

i

Anti reflection 
coated collimating 

lens

Fibre attached to moveable v 
grooves

1st Cavity 400mm

I----- 1

W <  laser
FBG 808nm FBG 81 Onm output

Both FBGs ~ 25% reflectivity, 0.2nm FWHM

Strain can be independently 
applied to either FBG

2nd Cavity 550mm

Fig 6.1 Experimental configuration for the dual FBG external cavity laser.

The two FBGs were not co-located, allowing strain to be applied independently to each 

FBG, making both FBGs centre wavelengths, and hence the two modes of the laser 

independently tuneable. The interference between these two longitudinal modes can be 

used to create a beat signal, the frequency of which is a function of the separation in 

wavelength of the two modes, as discussed in Appendix A. Thus the beat frequency that 

may be generated using the output from this laser is tuneable. The FBGs were fabricated 

with a physical separation of approximately 150 mm. The FBGs were fabricated in 

hydrogen loaded fibre, Spectran (FS-SMC-A0780B), using the technique outlined
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earlier6 4. The Bragg wavelengths were separated by 2nm, the FWHM of each FBG was « 

0.2 nm and reflectivity was « 25%. The intra cavity end o f the fibre was angle polished to 

prevent de-stabilising reflections. The coupling efficiency from the diode into the fibre 

was « 35%. The first FBG, fabricated at 808 nm, formed an external cavity 

approximately 400 mm in length, the second FBG at 810 nm formed a cavity 

approximately 650 mm long. The two FBGs are labelled FBG1 and FBG2 respectively. 

The spectrum of the FBGs is shown in Fig 6.2

0.9 -
f i  0 .8  -

i s :
FBG1 FBG2

I 0-4
g 0.3
H 0.2

800 802 804 806 808 810 812 814 816 818 820
Wavelength (nm)

Fig 6.2 Spectrum o f  FBG 1 and FBG2 spatially separated in SMfibre.

The laser was observed to operate on two longitudinal modes corresponding to the 

centre wavelength of each FBG. The spacing of the modes decreased as an axial strain 

was applied to the first FBG, the wavelength separation of the two longitudinal modes is 

shown in Fig. 6.3. The relative power in each mode could be tuned with injection current 

and temperature as these parameters will introduce a shift in the luminescence spectrum 

of the diode. However at a temperature of 21°C ±0.1, FBG1 demonstrated a lowered 

threshold ~ 18 mA while the FBG2 threshold was ~ 23 mA. Throughout the full range of 

the injection current the difference in power between the two modes was no more than 

20%.
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Fig 6.3 Comparison o f spectral output o f the dual FBG external cavity laser under the 

same conditions o f injection current and temperature when an axial strain o f magnitude 

5300pe is applied to FBG 1 in h)
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When the two modes are separated by less than « 0.3 nm, mode competition effects 

collapsed both modes into a single mode as the FBGs spectrally came closer to each 

other, forming a single longitudinal mode laser, shown in Fig. 6.4. As the modes became 

spectrally closer, FBG2 decreased in amplitude, to around 50% of FBG1, until a 

separation of around 0.3 nm when FBG2 collapsed into FBG1. The single longitudinal 

mode of FBG1 continued to dominate the spectrum until the central wavelength of the 

FBGs were tuned so that their spectral separation exceeded 0.3 nm, when the second 

mode reappeared. This 0.3 nm separation generated the lowest beat frequency achieved, 

« 130 GHz with a corresponding synthetic wavelength of 2.3 mm. The maximum beat 

frequency was >2.28 THz, which has a corresponding synthetic wavelength of 

<0.131 mm. Operation was mode hop free over the entire injection current range as 

demonstrated by Fig. 6.5, where a dual FBG external cavity laser is compared to the same 

laser diode at the same operating temperature, 21°C, but with no optical feedback. A 

threshold current reduction of around 30% was observed for the mode at 810 nm, 

corresponding to FBG2. The 808 nm, FBG1, mode was seen to have a higher threshold 

than the diode with no feedback. The modes were observed to be stable over a period of 

several hours.
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Single mode
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(5.4 the centre wavelengths o f the two modes as the first FBG1 fabricated at 808 nm 

is strained. The region marked with dotted lines illustrates the range o f applied strain 

where the laser operates on a single longitudinal mode.
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Fig. 6.5 The spectral stability o f the modes o f the dual FBG laser in comparison with the 

same laser diode stabilised to the same temperature with no optical feedback. The solid 

line represents the wavelength o f the laser diode with now feedback and the dotted line 

represents both modes o f the dual FBG feedback

6.3 The three wavelength FBG external cavity laser

An FBG external cavity laser incorporating three FBGs was also fabricated. It comprises 

the same experimental set up as the dual FBG laser but with an extra FBG

FBGs
Laser diode 
(SDL 5420)

Sllnm  810nm 812.5nm

»

Coupling optics 
& AR coated 

collimating lens

Fig. 6.6 Experimental configuration o f three wavelength laser.
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As the three FBGs were not co-located, strain could be applied independently to each, 

making all modes independently tuneable. The interference between three modes can be 

used to create a beat signal, which will have three frequency components. If two of the 

FBGs are tuneable, all three beat frequencies will be tuneable.

The FBGs in the triple FBG laser were fabricated with a physical separation of 

approximately 1 mm, in a tuneable system however FBGs would be spaced further apart 

to allow for the tuning apparatus. The FBGs were fabricated in hydrogen loaded fibre, 

Spectran (FS-SMC-A0780B), with the same technique as outlined earlier6 4. The Bragg 

wavelengths were separated by l-1.5nm, the FWHM of each FBG was « 0.3nm and 

reflectivity was « 15-25%. The end of the fibre was angle polished to prevent de

stabilising reflections. The coupling efficiency was « 35%. The first FBG, fabricated at 

811 nm, formed an external cavity approximately 100 mm in length, the second FBG at 

810 nm formed a cavity approximately 115 mm long. The third FBG fabricated at 

812.5 nm formed a third external cavity approximately 130 mm in length. The spectrum 

of the laser was then measured on an Ando AQ-6310b

The spectrum of the laser is shown in Fig. 6.7. Operation was mode hop free over the 

entire injection current range as demonstrated by Fig. 6.8. Where the three FBG external 

cavity laser is compared to the same laser diode under the same conditions, 21°C ±0.1, 

but with no optical feedback. This was observed to be stable over a period o f several 

hours. It can be seen however that all three modes do not exist over the frill range of the 

injection current due to the shift in gain spectrum within the active cavity of the laser 

diode as the injection current is increased.
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Fig. 6.7 Spectral output o f three FBG external cavity laser 
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Fig. 6.8 The spectral stability o f the modes o f the three FBG laser in comparison with the 

same laser diode operating at the same temperature, but with no optical feedback.
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6.4 Summary

Two novel external cavity lasers have been demonstrated. Both lasers were shown to be 

mode hop free and a high degree of stability was observed over several hours. The dual 

FBG laser system employing spatially and spectrally separated FBGs allowed 

independent tuning of the two longitudinal modes. The lowest beat frequency achieved 

was « 130 GHz with a corresponding synthetic wavelength of 2.3 mm. It is thought that 

this frequency can be lowered significantly by the use of narrower bandwidth FBGs. As 

the overlapping of the FBG spectrums would occur at when the FBG were at a greater 

spectral proximity.
The three FBG laser was also experimentally demonstrated that can potentially 

generate three simultaneously tuneable beat frequencies. There is potential for more 

FBGs to be added to create more wavelengths, limited by the luminescence band of the 

diode.
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7 Interrogation of miniature Fabry-Perot interferometric 

sensors

In this chapter a dual FBG external cavity laser is used to demonstrate experimentally an 

interrogation technique for miniature Fabry-Perot sensor cavities. Prior to the 

presentation of these results, miniature Fabry-Perot sensor cavities are introduced and the 

reduction in errors of the measurand by dual wavelength interrogation techniques 

discussed.

7.1 Optical fibre sensors

Fibre optic sensors offer a number of advantages in comparison to electrical sensors71. 

The light weight and relatively small size of optical fibre sensors are complemented by 

their strong immunity to electromagnetic interference, eliminating the need for heavy and 

costly shielding. The result has been widespread interest in applying this technology to 

many different fields. As optical fibre sensors are made o f glass they can tolerate wide 

temperature ranges, and high levels of vibration and shock. Optical fibre sensors all work 

on the principal that the measurand will induce a measurable change in the properties of 

the light recovered from the fibre sensor, such as phase, intensity and wavelength. They 

can be broadly divided into two categories. Intrinsic sensors allow the measurand to 

affect the light while in the fibre. In extrinsic optical fibre sensors the interaction between 

the light and the measurand occurs outside the fibre, and therefore the fibre is often a 

delivery mechanism to and from the sensor

7.2 Fabry-Perot Interferometers

Fabry Perot cavities are formed between two partially reflecting surfaces, they are 

based on the same principles as laser Fabry-Perot cavities discussed in chapter 3. All
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passes through the interferometer are combined together. The principle of Fabry- Perot 

multiple beam interference is illustrated in Fig 7.1

Parallel mirrors

E0tV

E0t2r

E0r

E0

E0r4t2

E0t ¥

Eot2

Fig 7.1 Ray paths in a Fabry-Perot interferometer, the incident ray has an amplitude o f  

E0, r and t are coefficients o f reflection and transmission respectively.

However if the distance between cavity facets can be varied then the device becomes a 

Fabry-Perot interferometer, a spectroscopic device with potentially high resolution. The 

Fabry-Perot interferometer is a multiple beam interferometer and as such the irradiance of  

the reflected and transmitted waves are described respectively by Eqs (7.1) & (7.2)72.

ff i/( l-f i)? s in 2(^ /2) (7.1)
' ' 1 + [ff /(I -  R)J sin2 (â / 2)

7' ~ 1' 1+[R/(1-R)F sin2(<?/2) (7'2)

Where R is the reflectance of the mirrors, when the mirrors absorb or transmit some of 

the energy they are less reflective and the resolution of the interferometer reduces. Ir, It 

and hare the irradiances of the reflection, transmission and incident light respectively and
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ô is the optical phase shift. However when reflectance is low enough these Fabry-Perot 

cavities can be thought of as two beam interferometers

7.3 Miniature low finesse Fabry-Perot interferometric sensors

Many interferometric sensing systems require a reference arm. This can be a potential 

problem as the reference arm could easily be exposed to unwanted different 

environmental perturbations in comparison with the sensing arm, introducing ambiguities 

into the recovered measurand. This problem is heightened when the sensor is used for 

remote applications. In contrast to two beam interferometers like the Mach-Zehnder or 

Michelson the low finesse fibre Fabry-Perot interferometer (LFFFPI)7 3 uses the same 

arm for reference as the measurand, bypassing the problem of different perturbations in 

the reference arm. The characterisation of LFFFPI’s responses to measurands has been 

published detailing their exploitation as sensors7 4,7 5,7 6. The small size of the sensors 

makes then ideal for embedding in structures and also makes them useful for highly 

localised measurements.7 7 The LFFFPI also has an extrinsic version show in Fig 7.2

SM  fibre Reflecting
Surface

Fig 7.2 Extrinsic Fabry-Perot interferometric sensor

The cavity is formed between two low reflecting surfaces and can essentially be thought 

of as a two beam device. The cleaved end of the fibre acts as the first reflecting surface 

while the second reflecting surface, which is the measurand, re-injects light back into the 

fibre core7 4. If the cavity is shorter than the coherence length of the illuminating source
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then an interferometric output is obtained and its transfer function is a series of cosine 

fringes. A fibre Fabry-Perot sensor of this kind has been used as an accelerometer7 3 The 

sensor was shown to have twice the sensitivity of a Mach-Zehnder, due to twice passing 

the length of the cavity. The LFFFP sensor was capable of detecting phase shifts of 

4*1 O'5 rad at 100 Hz, which translates to a sensitivity of > 200 rad/g although the sensor 

did suffer from polarisation effect due to its long cavity length. High finesse Fabry-Perot 

cavities have also been shown to contribute to a factor of two improvement in sensitivity 

over two beam interferometry schemes7 6. The LFFFP sensor has also found applications 

detecting vibration and acoustic measurements7 4, strain7 3, voltages and magnetic fields7 5 

and temperature for medical applications76. Very short gauge sensors have also been 

investigated in both intrinsic and extrinsic forms7 4. These very short cavities, ~ 20 pm to 

3 mm provide very localised measurements and also have low phase noise. The LFFFP 

has limitations however in multiplexing a number of sensors and it has a large 

unambiguous range.

7.4 Signal processing schemes

An ambiguity that exists with interferometric sensing is the problem of the varying 

sensitivity over a full cycle of the interferometer. Over a full cycle of 2k the 

interferometer passes two points of maximum sensitivity 180° apart and two points of 

minimum sensitivity midway between the points of quadrature, illustrated by Fig 7.3. A 

variety of techniques have been developed to address this problem of varying sensitivity. 

An outline o f the techniques available is presented in the proceeding sections

7.4.1 Extended range interferometry

In addition to the problem of varying sensitivity, interferometric sensors also suffer 

from the unambiguous range being limited to 2n radians. Fringe counting systems have 

been developed but there are some optical solutions such as dual wavelength 

interferometry, where the two wavelengths generate a synthetic wavelength, which is the 

wavelength of the beat frequency, providing an increased unambiguous range for the
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interferometric sensor. The closer the two illuminating wavelengths the larger the 

extended range of the sensor. The synthetic wavelength is derived in Appendix A.

Another technique is white light interferometry7 7. The sensor is interrogated by a 

broad band source and an interference pattern is generated by varying a balancing arm of 

the interferometer. An extended range white light interferometer could move the 

balancing arm further too constantly maintain maximum fringe visibility, thus monitoring 

the balancing arm can recover the measurand.

7.4.2 Passive homodyne signal processing schemes

Passive homodyne systems have been developed by producing a psuedo dual 

wavelength laser. Two wavelengths can be tuned to have a constant %!2 phase 

difference7 8 for the specific length of cavity being interrogated, this ensures that when 

one output has faded the other is at quadrature. This can be realised by applying a square 

wave injection current of appropriate amplitude thus producing two alternating 

wavelengths due to the change in wavelength with injection current, as described in 

chapter 3. The output of the first wavelength from the interferometer is of the form:

The second wavelength, due to the different injection current has an output from the 

interferometer of the form:

These two wavelengths, at constant %!2 phase difference are illustrated in Fig. 7.3

(7.3)

l s = h s 1 ~ J7 cosf  ̂  “ 1 = h k - V  sin(^)] (7.4)
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0
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Wavelength 2

0 2 4 6

Phase (radians)

Fig 7.3 Theoretical output o f the interferometer from two wavelengths with a spectral 

difference that will induce a 90°phase difference.

The phase difference between the two wavelengths recovered from the sensor cavity can 

then be derived from:

For the phase to be accurate in equation 7.5, both wavelengths must be sampled above 

the Nyquist rate of the phase change of the measurand. The technique of switching the 

injection current between two values to create two wavelengths is however limited by the 

wavelength separation between the two injection current values, typically 1 nm for a 

20 mA variation in injection current, which would require a sensor cavity size o f -80  pm 

for the two wavelengths to be in quadrature. Also the interference pattern is likely to have 

a poor extinction ratio due to the wavelengths being at different powers and 

discontinuous nature of the switched signal. It is possible to use two separate lasers but 

there must be high wavelength stability between the sources.

\  c 0c J

(7 5)
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7.5 Dual wavelength interrogation of a Miniature low finesse Fabry- 

Perot interferometric sensors

The fibre Fabry-Perot interferometer has the transfer function7 2:

2 % (l-c o s(# _  (7.6)
1 + iÿ  -2i?o cos(ÿ)

Where Ro is the reflectivity of the mirrors, I0 is the DC intensity of the illuminating light 

and ÿ is the phase between interfering waves. In the low finesse interferometer however 

the transfer function can be thought of as a two beam interferometer and can be 

approximated by:

/  = / 0 (1 + F cos(ÿ)) (7-7)

Where V is the visibility, the ratio of brightness of the interference fringes. If the sensor 

is interrogated by two different wavelengths h  (frequency m) and X2 (frequency v 2) the 

difference in phase between the two fringe patterns is then given by715:

= 4 m l
v, -  Vo 4W (/^ -A ;)

X2

(7 8)

The two wavelengths are then multiplexed using WDM which gives two separate 

interference patterns. The phase shift, A^, can then be adjusted to reach quadrature by 

either tuning the sensor cavity or by tuning the separation in wavelength between the two 

illuminating wavelengths. Therefore, if the required phase difference is ti/2, as would be 

the case in maximising quadrature, the corresponding required cavity length, 1, is given 

by:
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(7.9)

Therefore at a tt/2 phase shift between the wavelengths, the output of the interferometer 

the two fringe patterns take the form:

Ii and I2 are the optical powers at each wavelength

7.6 Errors in cavity interrogation

The equations presented in the preceding section are appropriate for a low finesse Fabry- 

Perot (F-P) interferometer as in fibre there is a low reflectivity, -4%, at the air-fibre 

interface. This limits the effect of multiple reflections; however they do contribute an 

error to the phase of the interferometer. This difference between considering a multiple 

beam interferometer error means Eq. (7.6) becomes Eq. (7.11)715

ix = IXQ + V cos(^) 
i2 = / 2(l + Fsin($)

(7.10)

(7.11)

’ - ^ sinW tan(^) (7.12)

y
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Subtracting the phase, cp, from the error included phase signal gives:

^ 1 —
1 + R,

1+ 2^ ° -cos(^)
W 1 + &

-1 sin(2^) (7 13)

This results in a maximum error of ~0.06rad (3.4°)715 over the phase range 0-tc.

As the interferometer path length is changed under the application of the measurand 

the interference fringes are shifted away from quadrature. This is another intrinsic error 

but it can be quantified. A change in the cavity length, dl, produces an alteration in the 

phase d(A(p) between the interferometric outputs of both wavelengths, given by:

_ 4;rAv 
dl c

(7.14)

Corresponding to a single wavelength:

d((f) _ Attv

dl
(7.15)

The relative phase change is:

af(A^) _ Av _ AA u
d{$) v X

This demonstrates the linear incremental drift in phase between the two wavelengths, the 

resulting error can be written in the form s'cp, where:
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^ ,= d(A</)) _ A/l (7.17)

This manifests itself in the overall interferometric signals o f the two wavelengths by Eq. 

7.19715

1 - -cos(^)- 2R

1 + Ro "  1 + ^0
0 cos2 (^)

y
x

V

(7.18)

s’tp ~ 4.5*1 O'3 is the added error for an infra red laser with AX= 3nm resulting in a phase 

error in the interferometer of .02 rad. The error, s, for the possible miscalibration of the 

system, is the largest potential error compared with the measurand induced errors of 

drifting out of quadrature and multiple reflection errors. An error of 10% in calibration 

can result in an error of 0.2 rad7'15.

7.7 Miniature Fabry-Perot interferometric sensor with a Dual FBG 

external cavity semiconductor laser

It is possible for a laser diode to operate on two longitudinal modes simultaneously 

using hole burning effects discussed in chapter 3. Ezbiri and Tatam7 9 used a laser diode 

undergoing hole burning effects to generate two interferometric outputs at quadrature, 

achieved by tuning of the injection current and temperature. The wavelength separation 

of the two modes however could not be tuned, therefore the length of the sensor cavity 

has to be tuned to whatever the separation of the two modes of the diode decrees. In this 

case wavelength separation was ~ 3 nm and the cavity length was 19 pm. However, in a 

sensing system when an extrinsic miniature F-P cavity is being interrogated, it would be 

possible however to tune the wavelength separation of two longitudinal modes o f a dual 

FBG external cavity laser710 . Thus, when the sensor is embedded, hard to reach or 

requires recalibration, quadrature can be obtained by tuning the source.
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7.8 Experimental results ofFGEL interrogation of miniature F-P sensor

The dual FBG used in the experiment was as described in chapter 6 and in shown in 

Fig. 7.4 

Laser diode
(SDL 5420) Fibre attached to strain

Coupling optics mechanisms

I I
W 1  Laser

FBG 808nm FBG 81 Onm Output

AR coated lens FBGs 25% reflectivity, 0.2nm FWHM

Strain can be independently 
applied to either FBG

1st Cavity 400mm

2nd Cavity 550mm

Fig 7.4 Dual FBG external cavity laser used for interrogation o f F-P sensor cavity

The F-P cavity sensor was formed between the Fresnel reflection at the end of the SM 

addressing fibre and a mirror that was attached to a piezo-electric transducer (PZT) which 

was then modulated, by application of an AC voltage, to simulate a vibrating surface as 

shown in Fig. 7.5. The PZT was a Physik Instrumente P28620, which has a responsivity 

of 100 nm/V
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Reflecting
surface

<-►
SM fibre

Piezo-electric motor

7.5 Extrinsic miniature F-P sensing cavity formed between the cleaved far end o f a fibre 

SM fibre and reflecting surface attached to piezo-electric transducer.

The system is shown in Fig. 7.6. The laser was spliced onto a fibre pigtail from a 90/10 

coupler. The coupler was used to minimise potentially destabilising reflections back into

the laser cavity.

Dual FBG external
cavity laser

Monochromator

90/10 coupler

Cleaved Fibre end
Reflecting

K surface

Spectrum
analyser

Photodetectors

Sensor

Fig. 7.6 Vibration sensing system using dual wavelength interrogation o f a miniature 

Fabry-Perot cavity
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The monochromator used was a Bentham with a 0.05 nm resolution; it was used to de

multiplex the two interference fringes of the two wavelengths. A reflecting prism was 

then used to direct the beams in opposite directions, for coupling into a PIN photodiode 

for each wavelength. High speed RS BPX photodiodes were used, which have a response 

time of 0.5 ns. The analogue outputs o f the photodiodes where sampled by a National 

Instruments DAQ card, a specifically written LAB VIEW program using real time 

triggering to ensure sampling occurred at an equal temporal spacing. The PC performed 

the required signal processing according to Eq. 7.5, to obtain the phase of the two 

interference fringes. The resulting phase signal was then converted to an analogue signal 

by a DAC and routed to a HP 35660A spectrum which performed a Fourier transform

and displayed the signal on spectral graph.
The Labview software kept a rolling average of the interferometric outputs of the 

system to obtain the phase of each signal. The averaging array contained 5000 points so 

gave an average over 2.5 seconds at the highest sampling frequency of 2 kHz. If the 

average power of the illuminating wavelength is not obtained accurately this can lead too 

an error in the phase of the system. This can also be done by using another 

demultiplexing monochromator on the fourth arm of the interferometer, providing a 

reference for the interferometer.

7.8 Experimental results

Fig. 7.7 shows the interferometric outputs at both wavelengths when the cavity was at 

quadrature and a linear ramp in voltage was applied to the PZT to produce a linear 

displacement in the reflecting surface. The separation of the laser wavelengths was tuned 

by applying strain to the FBGs, to ensure quadrature. The F-P cavity size could be 

determined using an optical spectrum analyser. In this case quadrature was achieved at a 

wavelength separation of 3.5 nm, denoting a cavity size o f 16 pm.
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Fig. 7.7 Interference fringes o f the two interrogating wavelengths as the reflecting 

surface is displaced

Fig 7.8 shows four traces, the first two traces A) & B) are the two photodetector outputs 

taken directly from a Tektronix oscilloscope. Trace C) is the sinusoidal signal applied to 

the PZT. Trace D) is the final output from the DAC after being processed by the 

computer software. A fraction of a millisecond delay could be seen in trace D) relative to 

A) due to the computer processing the signal, inducing a time delay. The computed phase 

was also not an exact replica of the voltage applied to the PZT, the phase change on the 

troughs of the signal being slower than the peaks. This is thought to be hysteresis in the

PZT.
Fig 7.9 Illustrates the computed phase of the system displayed on HP 35660A 

electronic spectrum analyzer when a 500 Hz vibration was applied to a 16 jxm cavity, 

which required a -3.5 nm mode separation of the laser modes. An SNR of >30dB was 

achieved, although this is a result of PZT and photodiode performance. Fig 7.10 shows 

the electronic spectrum of the computed phase when a 250 Hz sinusoidal voltage was
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applied to a 34 pm cavity (which required a -1.5 nm mode separation). The sampling 

time of the PC was limited to around 2 kHz thus Nyquist limiting the vibration 

sensing to a maximum of 1 kHz.

A

B

Time

C

D

Time

Fig 7.8 A) & B) Photodetector outputs for the two wavelengths. The dashed line 

highlights the quadrature condition of the two signals. C) Signal applied to the 

piezoelectric transducer. D) D/A output showing computed phase change. The y axis 

scale is 1 V/division, the x axis division is 2.5 ms/division
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Fig. 7.9 Electronic spectrum obtained when a 500 Hz vibration applied to a 16 pm cavity 
(-3.5 nm mode separation)

a -35
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Fig. 7.10 Spectrum when a 250Hz vibration was applied to a 34pm cavity (~1.5nm mode 
separation)
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7.9 Summary

Often there is a need for very localised and hence very small optical sensors. Miniature 

Fabry-Perot cavities are candidates for these applications and dual wavelength 

interrogation has been identified as a suitable signal processing technique as maintaining 

quadrature of these sensors can be done easily. However it is problematic selecting a 

suitable dual wavelength source, due to instabilities between separate lasers. Two 

longitudinal modes of a laser have an increased stability but tuning the separation 

between these modes is not possible, meaning a particular laser will only be able to 

correctly interrogate one length of sensor cavity, and in a sensing environment it may not 

always be possible to finely control the cavity size of the sensor. The unique properties of 

the dual FBG external cavity laser presented in chapter 6 allow the tuning of mode 

separation. Therefore the laser can be adapted to tune the modes to match the particular 

cavity requirements. This has been demonstrated by using a dual FBG laser to interrogate 

two different sized cavities, 16 pm and 34 pm, at different frequency vibrations, 500 Hz 

and 250 Hz. Chapter 6 also demonstrated the possibility of the external cavity 

entertaining 3 or more FBGs, this would allow the error factors to be improved over an

increased range711.
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8 :  C o n c l u s i o n s

Two designs of fibre Bragg grating external cavity lasers have been presented 

and experimentally tested in previous chapters o f this thesis. In this chapter the main 

results are reiterated and directions o f further research suggested. The ability o f fibre 

Bragg grating external cavity lasers to reduce threshold, mode hopping and linewidth 

was previously known81 In chapter 4 these properties are quantified with known 

parameters o f the external cavity and a significant improvement was observed. The 

linewidth was reduced from 2.5 MHz to <500 kHz, at a controlled temperature over 

the full injection current range 10 mode hops occurred, however at the same stable 

temperature with an FBG external cavity mode hops were negligible.

A Hi-Bi FGEL laser configuration was presented based on the use o f FBGs 

fabricated in Hi-Bi fibre, exploiting the difference in the wavelength o f the Bragg 

reflections o f light populating the orthogonally polarised eigenaxes o f the fibre. 

Feedback from a FBG written in Hi-Bi fibre then results in the laser operating on two 

longitudinal modes that are separated in both wavelength and polarisation. The 

wavelength separation o f the orthogonally polarised Bragg reflections can be 

calculated using the Bragg and birefringence equations. Although birefringence has 

been used before in a laser cavity8 2 this is the first time it has been applied to an 

external cavity laser diode. Switchability was achieved by the use of a half wave plate 

and 3 regions o f operation were identified -  one corresponding to each o f the axes of 

the fibre and a third in which both modes lased the modes were separated by 0.3 nm. 

Transverse strain on Hi-Bi fibre has previously been used for multi-axis sensors, in 

chapter 5 it is experimentally demonstrated as a method o f tuning the dual wavelength 

separation and a tuning range o f 0.15 nm was demonstrated.

A second design featuring dual FBGs was also demonstrated, two modes 

corresponding to each FBG lased simultaneously. One FBG could be tuned over a 

range of over 3 nm which allowed generation o f a beat frequency from 130 GHz to 

2.28 THz equivalent to a synthetic wavelength o f 2.3 mm to 0.131 mm. A three FBG 

laser was also demonstrated which allowed three modes to lase simultaneous.

136



Chapter 8

The dual wavelength laser was then used to interrogate a miniature Fabry-Perot 

cavity. Dual wavelength interrogation o f a miniature cavity sensor has been 

demonstrated previously but the use of the dual FBG laser allowed the separation of 

the wavelengths to be tuned which meant the wavelengths could be tuned to fit a wide 

range o f cavities sizes. This has practical applications as it is often not easy to adjust 

the size of the cavity when embedded in its application. The range over which the 

wavelengths can be tuned theoretically allows interrogation, at quadrature, o f cavities 

of size 273.3 pm to 27.3 pm.

8.1 Further work

The following section will suggest some specific areas in which further research 

could be undertook to lead on from the work presented in chapters 5 ,6  and 7.

8.1.1 Liquid crystal waveplate switching

The Hi-Bi laser presented in chapter 2 featured a half-wave plate being rotated to 

switch between wavelengths corresponding to each eigenmode. However, it is 

possible to do this electronically either with a servo or non-mechanically with a liquid 

crystal. Liquid crystals are an organic compound that can flow and yet maintain their 

characteristic molecular orientations. The application o f a voltage across the crystal 

can alter the orientation of the birefringence so therefore it becomes an electronically 

controllable waveplate8 3. The long axis of the liquid crystal molecules is the slow 

index with no voltage present the molecules lie parallel to the direction o f propagation 

of the electro- magnetic wave, causing maximum retardance. When voltage is applied 

across the liquid layer the molecules tip parallel to the applied electric field. The 

response time o f the liquid crystal waveplate is around 20 ms when retardance 

increases, which is the relaxation time of the molecules. The response to when 

retardance decreases though is 5 ms as the electric field is applied. The inclusion o f a 

liquid crystal waveplate in the external cavity would allow rapid switching between 

all three states of operation and all electrical control of the laser.

137



Chapter 8

8.1.2 Multiple FBGs

The use o f more than two FBGs in an external cavity was demonstrated in chapter 6 

when 3 FBGs were fabricated adjacent to each other in a fibre used for an external 

cavity. All three modes corresponding to the FBG’s were seen to lase simultaneously. 

This suggests that the number o f FBGs allowed is limited by the spectral width of  

luminescence band o f the laser and the spatial length o f the fibre which FBGs can fit 

sequentially on and still allow single mode operation. Single mode operation has been 

demonstrated here in a cavity o f 650 mm and results have been published o f single 

mode operation in a cavity o f 2 m8 5 . As each FBG is approximately 5-10 mm 

spectral limitations are likely to be more limiting. As the FWHM of the lummescence 

band being around 10 run if  each FBG needs a spacing o f 0.3 nm as suggested by 

results in chapter 6 then up to 30 FBG could be used. However to sustain this amount 

of modes a huge population inversion would be required from the injection current

and spectral hole burning is likely to be a factor.
An application o f an increasing number of controllable FBG modes is for the 

interrogation o f the miniature cavities demonstrated in chapter 7. In section 7.5 errors 

inherent in the interrogation o f these sensors were highlighted. A study undertaken 

in ref 8.4 demonstrated the benefits of interrogation by more than two wavelengths 

and analysed up to five interrogating wavelengths. The problem of miscahbration is 

further helped by the nature of the multiple FBG external cavity laser which allows 

separate tuning o f each wavelength.

8.1.3 Theoretical Investigations

Although there has been some theoretical work on FBG external cavity lasers most 

of these publications focus on the laser response to injection current modulation and a 

definitive picture o f the parameters needed to ensure single mode operation is yet to 

be defined. A qualitative approach can be used by analysing the results contained 

within this thesis along with the publications on FBG external cavity lasers, through 

details o f parameters such as FBG bandwidth, cavity length and FBG reflectivity, 

which are closely related to coupling efficiency between laser and fibre. Length o f the
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laser cavity is a key issue, stabilised dual mode operation was demonstrated in this 

thesis in a cavity o f 650 mm while single mode operation in a cavity o f length 2 m has 

been reported8 5 . This disproves the theory Fabry-Perot mode separation exists within 

an FBG external cavity. Using experience gained experimentally during the attempted 

construction o f the FGEL lasers, it is possible to prioritise FBG bandwidth, followed 

by reflectivity and coupling efficiency and then cavity length. The hardest issue to 

resolve during the experimental work within this thesis was the bandwidth of FBG 

due to difficulties in both manufacturing narrow bandwidth FBG’s but also in 

measuring their spectral reflectivity as most optical spectrum analysers have a 

maximum resolution of 0.1 nm. However, it was observed that no FBG with a FWHM 

over 0.2 nm was able to effectively induce single mode behaviour in an FGEL, 

whereas single mode behaviour at the Bragg wavelength could still be observed at 

least a cavity length of 650 mm and coupling efficiency -15%.
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Appendix A

Beat frequencies: The addition of Waves of different frequency

Rarely is light strictly monochromatic, therefore it is far more realistic to refer to light 

as quasi-monochromatic that is composed of a narrow range of frequencies. Two waves 

that have equal amplitudes and zero initial phase angles.

Ex =  EQl COSC^X -  GTjO

E2 = £ 01 cos(&2x -  m2t)

Where E0i is the amplitude of the signal, k is the wave number defined as k =2%/l, that is 

the number of waves per unit length (ie per metre), w  is the angular temporal frequency, 

defined as in = 2tc/t = 2tcv. t  is the temporal period, the amount of time it takes one 

complete wave to pass a stationary point and x is distance. Upon superimposition the net 

wave is

E = E q J c o sC ^ x  -  mj)  +  c o s ( £ 2x  -  m2t)\

This can be reformulated as

E = 2E0l c o s - ^ f t  + k 2)x - ( c i j  +  S72 > ] * c o s ^ [ %  - k 2) x - - m2)t\

Using the identity

cos a  + cos/? = 2 cos y (a  + P )c o s \(a  — p )

141



Appendix A

G7 is the average angular frequency is thus defined as m + # 2 ) ; ls t îe

modulation frequency and is defined as arm k and km are the average

propagation number and modulation propagation number. They are define as.

k = \  {k̂  + &2)

km = \ { K  ~k2)

/. E = 2E01 cos(kmx -  m j )  cos(bc -  Wt)

The total disturbance may be thought o f as a travelling wave o f frequency W , and time 

varying modulated amplitude Eot(x,t)

E{x, t) = E0 0  cos(bc -  mt)

E0 O ,/) = 2E0l cos(kmx -  ujJ )

For cases o f different wavelength mixing here, generally m  «  w2, this will result in 

& >>mm and Eo(x,t) will change relatively slowly. However, E(x,t) will vary rapidly the

irradiance is proportional to:

El  0 , 0  = 4 £ 021 c o s 2 ( K x -  zumt)

Or

El  0 , 0  = 2^0111 + cos(2kmx -  2m J)\

El 0 , 0  oscillates at about a value o f 2El{ with a frequency o f 2wm which is the beat 

frequency. Therefore £ 0 varies at the modulation frequency and E02 varies at twice this 

frequency.

142



Publications List

1 S.P. Reilly, S.W. James and R.P. Tatam, ‘Dual wavelength fibre 

Bragg grating external cavity semiconductor laser sources for sensor 

applications’ 2002 15th Optical fiber sensors conference technical 

digest, OFS 2002,6-10th May 2002, Hilton Portland, Portland, OR, 

USA, pp. 281-284. ISBN: 0-7803-7289-1

2 S.P. Reilly, S.W. James and R.P. Tatam, ‘Tunable and switchable 

dual wavelength lasers using optical fibre Bragg grating external 

cavities’, Electronics letters, 29th August 2002, Vol.38, No. 18, pp. 

1033-1034
3 S.P. Reilly, S.W. James and R.P. Tatam, ‘Dual wavelength fibre 

Bragg grating external cavity lasers’, Institute of Physics, Photon02 

2-5th September, Cardiff international arena, Abstract book, ISBN:0-

75030916-4, pp. 13-14.
4 s. Reilly, ‘Conference report: 15th Conference on Optical Fibre 

sensors, OFS 2002, Portland, Oregon, USA’, www.raeng.org.uk

143

http://www.raeng.org.uk

