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ABSTRACT

This thesis is concerned with the theoretical and experimental characterisation of the
all fibre ring resonator. Active and passive versions of the ring resonator fibre optic
gyroscope are examined as specific applications for the fibre ring resonator.

Firstly, the characteristics of ring resonators formed with polarisation maintaining
fibre are investigated. Polarisation mode cross coupling within the fibre resonator is
shown to cause the resonant polarisation eigenmodes of the device to become
dependent upon the loop birefringence. Resonance splitting effects and a non-linear
phase separation between the resonant eigenmodes with loop birefringence is found to
follow. The effects of polarisation anisotropy within the resonator are presented in
detail. Several methods to reduce this polarisation instability are evaluated theoretically
and a novel method demonstrated experimentally.

The limitations of the ring resonator due to the non-linear stimulated Brillouin
scattering process are then investigated. The depletion effect due to the onset of
stimulated Brillouin lasing in fibre resonators is shown to lead to finesse and
modulation depth variations with input power. The dependence of these effects upon
resonator and material parameters is characterised. Two novel schemes for suppressing
the onset of stimulated Brillouin lasing are presented.

The drift characteristics of passive ring resonator gyroscopes made with
polarisation maintaining fibre are theoretically calculated. The feasibility of various
polarisation stabilisation schemes are evaluated. One of the first solid-state stimulated
Brillouin ring laser gyroscopes is also demonstrated. The design criteria of this
gyroscope are presented. The frequency lock-in effect is shown to occur in this

gyroscope and a novel scheme that avoids this effect is demonstrated.
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Chapter One

INTRODUCTION

Optical fibres have made considerable inroads into the fields of communications,
signal processing and sensing. An important class of optical fibre device that finds
applications in all these areas is the all fibre ring resonator. This dcvircer is. a rcson‘an‘t |
ring cavity in which an optical signal traverses a closed fibre loop. For coherent optical
inputs, the ring resonator forms the most sensitive interferometer configuration. When
the roundtrip path-length equals an integer number of optical wavelengths, constructive
interference leads to a build-up of the optical intensity inside the fibre cavity, and a
concurrent decrease in the intensity at the output port. The properties of this device are
thus similar to those of any resonant device, such as acoustic resonators or tuned
electrical circuits, where energy storage (a high amplitude circulating wave) occurs at
discrete frequencies.

Extensive research has been performed over the past decade into the fabrication and
application of optical fibre ring resonators. The steep variation in output intensity with
loop phase about the resonance condition makes them very attractive for sensor
applications, such as hydrophones and gyroscopcsl’z. The storage nature of the
resonator yields further applications such as delay lines®, pulse gc:ncrators4 and the
study of optical non-linearities (due to the high circulating intensities at resonance). The
autocorrelation nature of the device can also be used to form demultiplexers and optical
spectrum analyscrs5'6.

A favoured configuration for the device is shown in Fig 1.1, where a single length
of optical fibre is closed onto itself by means of a low loss evanescent field directional

coupler. The two coupler halves are fabricated on the same strand of fibre to avoid fibre
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Figure 1.1 Configuration of the all fibre ring resonator. The optical fibre is closed onto itself by means
of an evanescent field coupler and the transmission response is determined by the summation of the
multiple transits experienced by the input light around the fibre loop, L.

splices within the loop. The response of the device may be understood in terms of the
multiple passes experienced by the light around the fibre loop. Light input at port 1 is
split between ports 3 and 4. The light at port 3 circulates round to port 2 and is again
split between ports 3 and 4, and so on. The transmission response is then due to the
interference between all the terms output at port 4. The couplers intensity coupling
coefficient, k, is optimised when it is adjusted to inject just enough light into the fibre
loop to compensate for the roundtrip cavity loss. At resonance constructive interference
leads to the circulating intensity within the loop building up to a level such that the
fraction of the circulating intensity that exits from port 2 to port 4 (given by 1-x) is
exactly matched by the intensity of light coupled directly from port 1 to port 4. Because
the loop losses are typically low in all-fibre ring resonators (<2%), X is close to unity
and the circulating intensity at resonance can be considerably enhanced. The differential
phase shift at resonance of n/2 (modulo 2n) between the circulating and directly
coupled components, leads to complete destructive interference occurring at port 4. The
output is then a series of resonance dips, and the behaviour is similar to that of a Fabry-
Perot étalon, except that the all-fibre resonator has sharp output minima (not maxima)
reaching zero at resonance. We can define for the fibre resonator, the finesse, F, as
being the ratio of the free spectral range (separation of the resonances) to the full width
at half maximum of the resonance dips. This finesse value then provides a direct

measure of the quality (in terms of optical losses) of the fibre resonator.



Progress in the exploitation of optical fibre ring resonators relies heavily upon
research performed to understand the fundamental properties of the device. Theoretical

810 4nd phase

investigations into the dependence upon source coherence7, polarisation
noise characteristics'! of passive single mode fibre resonators have been reported. The
effects of Rayleigh scattering and the non-linear optical Kerr and Faraday effect have

also been studicd12'14

. This dissertation complements that work and examines
theoretically and experimentally the polarisation properties of ring resonators fabricated
with polarisation maintaining fibre, and the effects of stimulated Brillouin scattering
upon device performance. The results of this investigation are then used to explore a
specific sensor application, namely the optical gyroscope, which increasingly forms the
basis of modern navigational systems.

Single mode fibre resonators require active polarisation control to match the input
polarisation state to one of the resonator polarisation eigenstates. The resonator
eigenstate being simply defined as t.he. stéte. of polarisation thét would return hnbhanged
upon transmission through the coupler and fibre looplo. Ideal polarisation maintaining
fibre ring resonators (PMRRs), fabricated with isotropic, zero polarisation crosstalk
couplers, offer the potential of reducing system complexity by eliminating the need for
polarisation controllers. Chapter 2 examines the polarisation properties of practical
PMRRs, in which anisotropy and an effective misalignment of the fibre axis at the
polarisation maintaining coupler occurs'. The eigenmodes of the resonator are found
to become dependent upon the loop birefringence. This leads to strong variations in
transmission response with any environmental parameters that affect the loop
birefringence, such as temperature or pressure. Such variations are often unacceptable
and need to be minimised. Dissimilar loop losses or coupling coefficients for the fast
and slow fibre axis are also shown to lead to non-orthogonal resonator eigenmodes.
Solutions for suppressing this polarisation instability are proposed, and a novel
technique based upon dissimilar mode coupling due to the insertion of a nematic liquid

1621 The research on this

crystal between the coupler half blocks demonstrated
polarisation instability was performed in collaboration with Zachos Ioannidis.

Chapters 3 and 4 examine the effects of optical non-linearities in ring resonators.
Continued improvements in the quality of optical fibre componcnts17 has led to the
availability of fibre ring resonators with higher finesse and hence greater potential
sensitivity. However, since the enhancement of the circulating intensity over the input

intensity, is directly proportional to the finesse, the onset of these optical non-linearities



occurs at even lower input power thresholds, hence necessitating an investigation into
their effects upon device performance. The optical non-linearity with the lowest
threshold for coherent inputs, is stimulated Brillouin scattering (SBS). Chapter 3
presents an introduction to SBS and lays some of the groundwork necessary for the
later chapters. Chapter 4 investigates the depletion effects of the SBS process upon the

1821 Theoretical and

performance characteristics of the optical fibre ring resonator
experimental investigations are presented to demonstrate the variations in resonator
finesse and modulation depth with input power. The onset of SBS leads to a trade off
between the input wave intensity and the resonator finesse, in order to optimise the
device performance. Novel methods for suppressing the onset of SBS to increase the
regime of passive operation of the ring resonator are also outlined.

In Chapter 5 some of the characterisation work of the previous chapters is applied
to the optical fibre ring resonator gyroscope. The analysis of Chapter 2 is used to
calculate the resonance drift due to the polarisation inétability in a PMRR gyroscope; |
The effectiveness of the techniques proposed in Chapter 2 for suppressing the
polarisation instability upon the PMRR gyroscope drift are investigatedm. A potentially
important application of SBS lasing in ring resonators is shown with one of the first

demonstrations of the all fibre SBS gyroscoptan23

. This device is the first solid state
ring laser gyroscope and should offer considerable advantages over conventional ring
laser gyro and passive fibre-optic gyro technologies. The basic design criteria are
outlined, and a novel technique is demonstrated to suppress the occurrence of
frequency lock-in in such a gyroscope.

Finally Chapter 6 presents the main conclusions of this dissertation and suggests
the form of future fibre resonators based upon the work presented. Some interesting

future topics of research are also proposed.



Chapter 2

POLARISATION EIGENMODES OF HIGHLY
BIREFRINGENT OPTICAL FIBRE RING RESONATORS

Interest has been increasing recently in ring resonators made of polarisation
maintaining fibrc24, primarily based upon their potential for reducing system
complexityzs. In an ideal polarisation maintaining fibre ring resonator (PMRR), the
coupler is formed with the polarisation axes of the fibre perfectly aligned along the
interaction region, and is isotropic as far as the intensity coupling and attenuation
constants of the fast and slow axes are concerned. The resonant eigenstates of the ring
then simply correspond to the two orthogonal (fast and slow) polarisation axes of the
fibre. The incident polarised light is projected onto these two linearly polarised
eigenstates, and each eigenstate independently generates its own resonance
characteristics. The output is then the simple superposition of these projections onto the
two resonant eigenstates, and the phase separation between the resonances formed is a
direct function of the fibre birefringence. By launching on only one fibre axis a stable
resonance response corresponding only to that eigenstate is formed.

In practical PMRRs the device performance deviates significantly from that of the
ideal case. A finite amount of polarisation cross coupling always occurs, predominantly
due to the unavoidable slight misalignment of the fibre axes at the coupler, and also to a
much lesser extent because of deformations and scattering in the fibre loop. The
intensity coupling and attenuation constant may also in general be slightly different for
each birefringent axes. The effects of these parameters upon the resonator
characteristics needs to be quantified in order to optimise the device performance.

Previous related analysis was concerned only generally with the effects of fibre



birefringence in single mode fibre resonators, and no experimental results were

r<3ported8'10

. This chapter presents a detailed theoretical and experimental examination
of practical polarisation maintaining fibre ring resonators. A discussion of the
fabrication and components of a PMRR is presented first, in order to give an insight
into the source and magnitude of coupler anisotropy to be anticipated. The resonator is
then modelled using the Jones matrix formalism and an expression that completely
describes the PMRR response derived. It is shown that the eigenstates of practical
PMRRs are strongly dependent upon loop birefringence, and that this leads to a
polarisation instability in the device response. To examine this further the effects of
misalignment, anisotropic coupling and anisotropic loss are first considered separately,
and possible solutions evaluated. The experimental results obtained from several
PMRRSs are reported, and a scheme to stabilise the PMRR response demonstrated for
the first time. An observed aging effect, and experimental investigations into the source
of polarisation coupling in the devices is also presented. Finally the main results of the

chapter are summarised.

2.1 Polarisation Maintaining Fibres and Fabrication of Polarisation

Maintaining Fibre Ring Resonators

The characteristics of polarisation maintaining optical fibre and polarisation
maintaining couplers, used for the fabrication of PMRRs are discussed in this section.

Polarisation maintaining fibres can be of either low birefringent or high birefringent
typc26. The low birefringent type polarisation maintaining fibres (eg highly circular
single mode fibres and spun ﬁbres”) allow any state of polarisation to be propagated
with little polarisation dispersion. This class of polarisation maintaining fibre is
however sensitive to environmental perturbations, such as temperature, pressure,
bends, etc. Highly birefringent polarisation maintaining fibres on the other hand,
ensure that a linear polarisation state is forcibly maintained, despite large environmental
perturbations. In this chapter we are primarily concerned with highly birefringent
polarisation maintaining fibres and from henceforth these will be referred to as PM
fibres.

The PM fibres can be characterised by their modal birefringence B and the mode
coupling parameter A. The modal birefringence is a measure of the difference in the

effective refractive index between the orthogonal linear fibre polarisation modes. It is
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Figure 2.1. Cross-sections of several PM fibres, showing (a) Rod-stressed, (b) Bow-Tie, (c) Elliptical
stressed cladding, (d) D-shaped fibre, (¢) Elliptical core and (f) Rectangular stressed cladding fibres.

related to the beat length Ly, by, Lp=7\/B=21t/A[3, where A is the vacuum wavelength of
light and A the difference in propagation constant between the orthogonal fibre
polarisation modes.

The large birefringence (B>10-3) typical in PM fibres can be obtained by a
geometrical effect of the core and/or a stress effect around the core. Elliptical core
fibres2® and D-shaped fibres?® utilise the geometrical effect to provide their
birefringence. Whilst the modal birefringence of such fibres can be quite high (B=8.4 X
104 in ref.[28]), their large refractive index difference and imperfection of core shape
means that their optical loss tends generally to be high. Stress induced PM fibres can be
realised in the form of Bow-Tie fibres®, elliptical cladding/jacket fibres>' and PANDA
fibres 2. These types of PM fibre typically tend to have lower optical losses, due to the
insertion of a buffer layer between the core and stress applying regions, and they also
exhibit low polarisation cross-talk. The cross sections of several types of PM fibre are
shown in Fig. 2.1.

The mode coupling parameter h, gives a measure of the cross-talk in PM fibres
based upon random mode couplin g33. It is defined by h=(P./Py)/L where P¢ and Py are
the cross-coupled and transmitted powers respectively, in a fibre of length L. The
determination of the value of 4 is found to be sensitive to the quality of fibre coatings,
external stresses and bends, which need to be controlled to allow comparison between

fibres. The ability to maintain a linear polarisation state is fundamentally limited in short



lengths of PM fibre by the fact that in circular waveguides the guided mode is not
strictly linear but actually slightly curved (eg, the orthogonal minor field component is
-40dB down from the major field component in Bow-Tie ﬁbre34). In long lengths of
fibre it is limited by Rayleigh scattering, which scatters the light into both polarisation
modes (to -30dB in 100Km of Bow-Tie fibre™).

The choice of PM fibre for the fabrication of PMRRSs is typically determined by the
fibre loss, system application and the ease of polarisation axes alignment. The latter is
important for the formation of the polarisation maintaining fibre directional coupler used
to create the resonant cavity (cf: Fig.1.1). The coupler can be either of polishcd36,
fused>’, or etched typc38. Whilst fused PM fibre couplers are quick to make and have
good stability, polished PM fibre couplers are preferable in fibre resonators because of
their lower loss, variable coupling constant, and to date better polarisation isolation>’.
The lower loss yields a greater resonator finesse, and the variable coupling ratio allows
the resonance finesse and modulation dcpth to be readiiy (.)pﬁrr'liséd.' Fabrication of
etched couplers is in general difficult to control.

For the polished coupler design, the polarisation axes of the PM fibre are aligned
with the surface of a glass/quartz half block and the fibre bonded into a groove of
defined curvature cut into the half block surface. The half block is then polished to gain
access to the evanescent field, and two such aligned half blocks overlapped to form a
tunable PM coupler.

Depending upon the fibre structure, several methods can be used to align the fibre
polarisation axes. For example, (1) In rectangular and D-shaped fibre the fibre structure
leads to an automatic alignment of the polarisation axes when one end of the fibre is
clamped and the fibre bent*’. (2) The internal structure that provides the birefringence
can be imaged to provide alignment, either by direct observation under a microscope or
by examination of the diffraction pattern obtained by side illumination of the ﬁbre4l, 3)
The difference in polarisation cross coupling as a function of fibre orientation can be
used to discern the fibre axis by means of an elasto-optic techniquc42. This last method
was the one used within our laboratory due to its good alignment accuracy (<0.5%).

In the elasto-optic alignment technique, linearly polarised incoherent light is
launched along one of the fibre polarisation modes, by means of an input polariser, and
an output analyser is aligned to transmit light in the orthogonal fibre polarisation. When
a section of the fibre is laterally squeezed as shown in Fig. 2.2, the applied force results
in a birefringence being created in the fibre. The vector addition of the created

-10-



Figure 2.2. The application of a small lateral force, upon a birefringent fibre applied at an angle 6 to

the slow fibre polarisation axes, causes the principal polarisation axes, S’ and 15, to rotate by angle 6
to become the new principal axes S and F.

birefringence and the original internal birefringence leads to the orientation of the
birefringent axes in that section being altered, and coupling between the two original
fibre eigenmodes occurs in all cases, except for when the pressure is applied along one
of the principal axes. The amount of cross-coupling is determined by the direction and
and magnitude of the applied stress as well as the length of fibre over which the stress
is applied. The output power measured by a detector after the analyser is given by 42,

v 2
P, = Pin(sin2® sin-z-) 2.1
where v is the (constant) retardation caused by the (constant) applied stress, and © is

the rotation of the new birefringent axes from the unperturbed orientation, given by,

B.,,sin20

tan2 = B, ,Bxc0s20 (2.2)

8 is the angle with respect to the unperturbed slow axes, at which the force is applied.
Eqs 2.1 and 2.2 show that as expected P, is zero whenever 6=0 or n/2. It is found
that the minimum about the fast axes is broader than the minimum about the slow axes.
This is because squeezing the fibre parallel to the fast axes increases the net
birefringence, whereas along the slow axes the intrinsic and applied birefringences tend

to cancel, resulting in a more sensitive dependence on 0. This leads to a better

-11-
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Figure 2.3 Typical experimental results obtained with York Bow-Tie HB600-1 of output signal versus
rotation of applied force. o . o

alignment resolution being achieved along the slow axes, and allows the two
polarisation axes to be distinguished. This can be seen in the typical plot of output
power versus angle of applied force shown in Fig.2.3. The fibre aligned was York
Bow-Tie HB600-1 fibre, although similar results were obtained when aligning
Andrews elliptical core fibre and Fujikura Panda fibre. It is important to ensure that the
axes alignment is carried out on the section of fibre that will form the interaction region,
as there may be a rotation of the birefringent axes of several degrees per cm along the
length of the PM fibre*’. This rotation can be seen in Fig. 2.4, where cross sections
along a typical polished coupler half are shown.

Once the PM fibre is aligned and bonded into the coupler-half block, it is first
lapped and then polished until the throughput of the fibre is attenuated by -30dB with
the appropriate refractive index oil placed on the interaction region. Provided the fibre is
not polished into the core the transmission of the coupler half-block is, as expected
unchanged for oil indices upto the refractive index of the fibre mode. For oil indices in
the vicinity of the effective index of the fibre guided mode, the velocities of the bulk
optical wave in the oil and guided wave in the fibre are nearly identical and the guided
wave is strongly coupled out of the fibre. For higher indices the oil still acts as a mode
stripper, but with reduced efficiency. The oil drop test on a York Bow-Tie 633nm half-

block, for both the fast and slow axis is shown in Fig. 2.5, and as can be seen the

-12-
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efficiency of light coupled out of the fibre can be quite different for certain oil refractive
indices. This demonstrates a potential source of coupling constant anisotropy in the PM
coupler.

Two such polished half-blocks can be put together to form a directional PM fibre
coupler suitable for high finesse PMRR operation. The PM coupler is in itself an
important component for coherent communication and sensor systems and has received

4445 The theories of fused and polished PM fibre couplers are

increasing attention
different. The fused coupler relies upon the form birefringence due to the non-circular
air-cladding interface, and the polished coupler upon the fibre anisotropy. Polished PM
fibre couplers can be characterised by four parameters. (1) The physical alignment
accuracy between the principal axis of the individual coupler fibres. (2) A conceptual
coupling length, L.=n/C, where C is the maximum coupling coefficient calculated in
the absence of fibre birefringence. It can be described by the beating of the odd and
even coupler modes and gives the distance required to couple all the light from one fibre
to the other and back again. (3) The isolated fibre beat length Lp, defined previously,
and (4) the effective interaction length, L;j. This is not necessarily the same as the
coupling length and is controlled by the radius of curvature of the fibre groove.

The evanescent coupling length L, is different for light launched on either the fast
or slow axis of the input fibre, and for PM couplers designed for use in fabricating a
PMRR it is important to ensure that the interaction length is not long enough to allow
the dispersion in these coupling lengths to lead to polarisation splitting4648, although
this effect is small for PM polished couplers with fibres polished along the same axis.
The misalignment angle has the effect of altering the effective coupler anisotropy and
hence changing the coupling lengths for each polarisation. A parameter Q, equal to the
ratio of L to Ly, is also defined®. When Q=0 the modes are those of the well known
isotropic coupler, and when Q>>1 (eg. due to weak coupling compared to fibre
birefringence) the modes closely resemble those of the isolated birefringent fibres. For
intermediate values of Q, both the evanescent coupling and fibre birefringence are
significant and the modes lie in between those described above. Clearly large Q values
are desirable for polarisation maintaining coupler applications, and it has been
suggested that since increasing the fibre birefringence increases the modal mismatch,

ed40,45

the constraints on fibre alignment in such couplers can be relax . In analysing the

polarisation maintaining ability of polished PM couplers Shafir ez. al® theoretically
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predicted the possibility of more than one polarisation isolation ratio, for a given
coupling constant. This is due to the fact that in slightly overpolished couplers the same
coupling constant can be achieved for different lateral offsets (corresponding to over or
undercoupling) between the two coupler fibres, whilst the amount of light coupled to
the "unwanted" fibre axis decreases monotonically with fibre offset.

The final PM fibre coupler polarisation isolation ratio results from a complex
combination of the above parameters, and for the purposes of analysis it is convenient
to combine these contributions into an effective misalignment angle o. The York Bow-
Tie PM fibre couplers fabricated in our laboratory, typically had Q values close to
unity, physical alignment accuracies between the polarisation axes of repeatedly better
than 1°, and measured polarisation isolation ratios, defined by CIR=20log(tanc), better
than -25dB (a=3.22°). The effects of the coupling constant and loss anisotropy,
discussed in this section, upon the operation of PMRRs is now analysed in detail in the

next section.

2.2 Theoretical Investigation of Polarisation Maintaining Fibre Ring
Resonators.

In the following sections we model the PMRR of Fig.2.6, in which there exists a

physical misalignment angle, ¢, between the fibre birefringence axis at the coupler, and

Figure 2.6. Highly birefringent fibre ring resonator. S and F denote slow and fast axis respectively, the
cross talk between the slow and fast axis is described by an equivalent misalignment angle o.

-15-



Figure 2.7 Parameters of an elliptical polarisation state, having components of amplitude E, and Ey
along the x and y axes respectively. The major and minor axes of the ellipse are 2a and 2b respectively.

an anisotropic loss and coupling constant within the coupler. The resonator components
are described by Jones vcctorsso, and these are used to derive a matrix equation to
describe the PMRR response. The corresponding loop eigenvalues and cigenvcctorss’m
of the system are then calculated to help analyse the response.

The general polarisation state of a monochromatic beam is the elliptical state, which
is represented in Fig.2.7, and may be described by means of its azimuth angle v, its
ellipticity, €, and by the angle R defined below. Referring to Fig.2.7, a general
elliptical polarisation state is given by the Jones matrix [ [Exlexp(jpy), IEylexp(j(py) I

where T denotes a transpose and we have’’,

E

tanR = -E—i 2.3)
tan 2v = tan 2R cos(p,—¢,) 24)
€ =tane= 2 (2.5)
where,
+ sin 2e=sin 2R sin(@,— @) (2.6)

The ellipse is termed right handed or left handed according to the direction of rotation of

-16-



the electric field vector. By convention it is defined as right handed if the vector is seen
to revolve clockwise when looking into the beam, ie when (py-(px<0, and as left
handed otherwise. In Eq.2.6 the upper and lower sign hold for whether the ellipse is
left or right handed respectively. Two elliptical polarisations (of which circular and
linear polarisation are ofcourse simply special cases with =1 and 0 respectively) are
said to be orthogonal when the azimuths of their major axes differ by /2, their

handedness are opposite and their ellipticities identical.

2.2.1 Analytical Model of the Polarisation Maintaining Fibre Ring
Resonator.

The electric field at port j of the coupler ( j=1,2,3,4 ) can be expressed by its Jones
vector E; = [ Eg, Ef]T, where Eg and Ef are the complex amplitudes of the electric field
along the slow and fast axis respectively. For simplicity we shall assume that the most
significant cross-talk between the fibre polarisation modes occurs only in the coupler.
As discussed above there generally exists a differential coupling constant and a
differential loss in a PM coupler, and hence these shall be taken into account in the
following analysis.

The coupler intensity coupling C and transmission C; matrices are given in general

form by,

C11 C12

C = 2.7
21 22

where the symbols in bold type represent matrices and Cj | are the relevant coupling or

>

transmission coefficients between the coupler ports. The matrices Cg ¢ take into account
the possible differential coupler intensity loss ¥f and ¥g and differential intensity
coupling constants K¢ and K for the fast and slow axes respectively. For the slow
fibre axes j,k=1 and for the fast fibre axes j,k=2. The off-diagonal coefficients (j#k)
represent the effect of polarisation cross coupling.

To incorporate the presence of an effective misalignment at the PM coupler all the
Jones vectors are analysed in the co-ordinate system of the coupler. This may be

achieved, with reference to Fig.2.6, by setting the off-diagonal elements of C to zero
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and using another matrix, A, to describe the necessary coordinate rotation on coupling

from port 1 to port 4,

cosol sinQ

A= 2.8)
-sin0t coso

The matrix A-1 is used to describe the necessary reverse transform, ie to describe
coupling from port 2 to port 3. The only difference is that the off-diagonal terms of the
matrix reverse signs. It should be emphasised again, that o is not necessarily equal to
the physical misalignment angle between the fibre birefringence axis, ¢. The matrix
combination AC now describes the coupling of light across the coupler from port 1 to
port 4.

The Jones matrix for the fibre loop can be expressed by the 2x2 diagonal matrix, F,

JABL2

F =exp[(-a ot iB)L] . 2.9
0 e-xABIJZ

o, is the linear fibre amplitude attenuation coefficient (assumed initially to be constant
for both fibre principal axis), L is the loop length, B=(B+B¢)/2, and AP=B4-B¢, where
B and By are the propagation constants of the slow and fast axis.

By considering the loop by loop buildup of the PMRR response we can see that the
electric fields at ports 3 and 2 are given by,

E;=SCE, (2.10)
E, = FE; = FSC,E, 2.11)
where,
S =2)(S_ )= Z(A'ICCF)n 2.12)
n=0 n=0

S is the matrix representing a single transit around the fibre loop and coupler. Hence,
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the matrix S represents the effect of multiple transits around the resonant loop. Now,
the intensity of light attenuated by the coupler, is ofcourse equal to Yg[EjxP+¥fE 2.
We can rewrite this as being equal to YJE 12+AY IElyIZ, where AY=(Y; - ¥5). Then, in
order to derive an expression for the PMRR response we apply conservation of energy

to the PM coupler to obtain the following relation,
(11, [y - AYIE P + (1~y,) [EpP - AY Iy P = B + E,F (2.13)
Substituting Eqs 2.10 and 2.11 into Eq. 2.13, and noting from Eq. 2.11 that,

00
AME < E'C'S'F FSCE 2
ﬂzyl‘ 1t 0 A t1 (2.14)

we obtain after some simple manipulation,

e

(1-y)F 'F+F F]SCJ’E1 (2.15)
0 Ay

where I is the identity matrix and the superscript t denotes complex conjugate transpose.
In an ideal fibre, with no differential loss or polarisation cross-talk, FtF=exp(-20jL)I,
and Eq.2.15 becomes,

00
2 t tat t }
|E4|=El{(1-'ye JN-(1-OCSSC,- dC[S{O T%]SC‘ E, (2.16)

where Yeq =Y+ AY |131y/131|2 and d=(1-y5)exp(-2a,L). ¥, is the equivalent coupler
attenuation and d is the roundtrip intensity attenuation for light propagating in the slow

axis.
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2.2.2 Eigenvalues and Eigenvectors

Whilst Eq.2.16 describes the intensity transmission response of the PMRR, it is
more instructive to re-write this in terms of the system eigenvalues and eigenvectors.
The matrix S defined by Eq. 2.12 describes a single transit around the resonator ring,
and can thus be used to determine the eigenvalues and polarisation eigenvectors of the
ring. These completely characterise the resonator. The eigenvalue of the system defines
the resonance characteristics of a particular resonator eigenmode. The corresponding
eigenvector defines the polarisation state required to be input at port 1 in order to fully
excite that resonance. Now, taking into account the possible coupler anisotropy, the

coupling matrix C is given by,

C=j

(2.17)
o Jxap
Thus,
A2 SE
_ cosQ e -Jhsino e a5 22
S=A'CF=x =1, (2.18)
,'%L -j%l' 4 3
sino e hcosa e
where,
7\-0 =,/ K (1-y)exp(-a L) exp j(BL + 7/2) (2.19)
(1-y)
h= A (2.20)
K.(1-y)

h is a measure of the anisotropy of the coupler. The eigenvalues )‘j (j=1,2) of Eq.2.18

can be found by using the relation,

det (A AI) =0 (2.21)

which leads to the ratio of the eigenvalues A, A,, to kj being given by the solutions of
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the quadratic equation,

A2—Ma, +a,,) + (2, 8,,-2,,8,)=0 (2.22)
The corresponding eigenvectors Vj (7=1,2) of 8§ can be determined by noting that,
S -ADV, =0 (2.23)

Thus the non-normalised eigenvectors of Eq. 2.18 are given by,
A.-a T
‘§=[1,——-—’ n_ ] 2y

Any polarisation state input at port 1 of the resonator can be resolved into the two

resonator ring eigenvectors, thus we can write C{E| = e;V+e;V,. Substituting this

into Eq. 2.16 for a normalised input, (EltEl = 1) and noting that since S is a
summation, SVj = 1/(1-?\.j), gives,

2
|EJ (1) - (1-d ){| N led °1°2V1V2 N °1°2V2V1
-xl |17\.| (”‘1) (1-A,) (1-x1)(1-xz)

_d(eV 62 210 (L] eV eV,

where * represents complex conjugate. Eq. 2.25 yields after some simple manipulation,

(2.25)

|2| (1-d)ee, V)V,
EJ= (1 (ld)_+(1 2.26
e - [ lw dzw 2% ) 2} 2

where,

21-



AY IV P

AYIV 2
dy= ( I—T—sz;)' Jd (2.28)
AYV1, V
dy = ( 1——‘(—‘yt—2y ] d (2.29)
(1-)V;V,

Re{z}, means the real part of the complex number z. Eq. 2.26 is completely
general and defines the response of a PMRR with polarisation cross-talk and
differential coupling constant and/or loss at the PM coupler. The first term on the RHS
of Eq.2.26 is a constant that repbresentsvthe c'oristént'throughpl'lt of the résonaior; awdy
from resonance. The second and third terms independently define the two resonator
resonances (as shown below). The last term corresponds to the interaction between the
two resonator eigenmodes in determining the overall response of the device. This last
term only comes into significance when the eigenmodes of the ring resonator become
non-orthogonal, since otherwise V,"V,=0. It is also equal to zero if only one eigenstate
is excited ( e;ez=0 ).

Before directly investigating some special conditions with Eq.2.26, it is worth
examining the relationship between the eigenvalues of S and the resonator response.

We shall assume for the time being that the two resonator responses are independent, ie

that the two eigenvectors are orthogonal. We may express lj//\o as J(jj'eje i and hence

(BL + /2 + 6,
7Lj='~/QJsze’(B *2%) Thus we may write,

1 1
Il.)\’jl2 - Il‘ mscj(ﬂL+ /2 + ej)IZ
1/(1- VQIK,)’ (2.30)

N 4\’Q3sz sinz(BL + 12 +9j)
(1- \/deKs)2 2
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Figure 2.8 Outline of resonance curves of PMRR eigenstates, showing level of excitation of
eigenstates for arbitrary input polarisation and separation between their resonance points.

Substituting Eq.2.30 into Eq. 2.26 yields (for orthogonal eigenvectors),

1 1

Ps (2.31)
BL+7/2+6 BL+7/2+0

+Asin———1)  1eAsin’C———)

IE - (17,9 - Py

where,
2
(1-d) & [QK.d
P, = i I and A= ol ' T (2.32)
(1- QK Q) (1-/QK.3)

Eq. 2.31 corresponds to two resonances in the transmission response of the
resonator, each corresponding to a particular eigenvalue/eigenvector pair. The depths of
the resonances are equal to P;, and the separation between the two resonances is given
by the differences in the arguments of the two eigenvalues, ie by 8,-6,. This is
summarised in Fig. 2.8.

The finesse, F, of each resonance can be determined in the following manner. If we
plot individually any of the latter terms in Eq.2.31, we find that they give rise to
resonance peaks of height P;. Now, the linewidth Af of the resonator (FWHM) can be
found by equating each of these resonance terms of Eq. 2.31 with half the peak height,
1/2Pj. If we let 0, ,, be the angular frequency at which the response reaches half its
peak value, and writing fL=nw, ,1/c, we have,
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1 B

23
LA sin’ (22T 455y
j 2

(2.33)

and hence,

(2.34)

1/2 B =t_1—'
sin *a 2) JA5

The angular frequency at the qth resonance mode is given by, ® -(c/nL)(q21t -1/2-0, ),
and the solution of Eq. 2.34 corresponding to this qth resonance is denoted by Wg1/2

Qg = [qz’f-—'e 2sm'l( )] - (235)

Therefore, the linewidth is given by,

Af ;= 2| q”zl -2 ‘1( ) (2.36)

The free spectral range (FSR) of the resonator is defined as the frequency spacing
between two adjacent resonances of the same eigenmode, thus FSR=c/nL. The

resonator finesse F, is therefore,

FSR
E=——= i = 2.37)

Af; 2sin’ _L 2sin’) m )
() D)

By comparing Eq.2.37 with equivalent formulas derived for ordinary single mode

fibre resonators 2, we find that the term Qstdj is equal to the effective resonant
coupling constant, k of the resonator for that eigenmode. We also note that Eq.2.37

demonstrates the possibility of the two resonance eigenmodes having different finesses.
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We are now in a position to further investigate Eq.2.26 and some of its
consequences. It is instructive to consider the effects of the effective misalignment,

anisotropic coupling and anisotropic loss separately.
2.2.3 PMRR with Misalignment and Zero Differential Loss / Coupling.

In this case the PM coupler anisotropy parameter, h=1, and either Kg or Kf may be
used in Eq.2.20. Egs. 2.27-2.29 reduce to d;=d,=d3;=d=(1-ys)exp(-2aoL). The

eigenvalues for the resonator are then found to be,
A /Ay = cos@ + jsing (2.38)
MAg=cosp-jsing (239

where @=cos-1[cosc.cos(ABL/2)]. The corresponding non-normalised eigenvectors are

T
'ABUZ. jo
Vv, = [1, cosae "¢ ] (2.40)
sing ¢/2PL/2
T
JABLI2  -jo
v, = [1, cosae’ "¢ ] (2.41)
sina 4P/

The eigenvectors are found to be orthogonal, so Vth1=O, and the last term in Eq.2.26
disappears. Thus the above analysis on the PMRR response and finesse is applicable
here.

Examining the eigenvalues and eigenvectors shows that they are dependent upon
the PM fibre birefringence AB. This dependence on AP has severe effects upon the
transmission response of the resonator. We can easily show that when
ABL22=(2m+1/2)r that A,/A, and A/, the eigenvalues of ring become +j and -j, with

the corresponding eigenvectors being,
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T T
coso+l coso-1
v, = |1 and, V,=]1 — (2.42)

sing sino

This means that for small o, the resonant eigenvectors are a pair of orthogonal nearly
linearly polarised input, almost identical to the fibre linear polarisation modes. The
resonance dips of the response are separated as outlined above by larg(A,)-arg(A,)l,
which for this case is equal to n. However, as ABL varies and approaches 2mn
(m=0,1,2...), the eigenstates rapidly become elliptically polarised, and finally at
ABL=2mn the eigenvalues become A1/Ao=cosa+jsina and A,/Ay=cosa-jsina, with

| | '} -
v, =[ ] and, V2=[ ] (2.43)
] ]

corresponding to left and right handed circular polarisation states. It is important to

eigenvectors,

notice that even for exceptionally low cross-talk levels (a=0), the polarisation
eigenstates still become circular as ABL approaches 2mn. However, the resonance
points are then separated by an angle 2o rad, which is often very small, and except in
the case of very high finesses (F>2m/c0) the two resonator modes almost completely
overlap. This minimum phase separation has also been reported independently by
Takahashi et. al.>>. However, they have mistakenly attributed this phase separation
solely to the physical misalignment angle and not the effective misalignment angle.

When the PM coupler is perfectly aligned, a=0 and the eigenvectors are linear
polarisation states corresponding to the fibre polarisation axes. Under normal operation
of a ring resonator, the input polarisation is adjusted so as to properly match only one
of the polarisation eigenvectors of the system. However, when this is done with a
PMRR with misalignment as described above, one finds that the variation in resonator
eigenvalues and eigenvectors with loop birefringence leads to the (originally matched)
input polarisation state being projected onto both of the new eigenvectors leading to a
strong variation in the transmission characteristics of the resonator.

Fig. 2.9 shows the variation in (a) the ellipticity, (b) azimuth angle and (c) phase

separation of the resonator eigenvectors with loop birefringence for a resonator with an
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Figure 2.9 Variation in (a) Ellipticity, (b) azimuth angle, (c) phase separation and (d) level of

excitation of resonator eigenstates with loop birefringence.
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Figure 2.10 Theoretical plot of resonator transmission, for resonator of finesse 100, and
polarisation isolation -25dB, as a function of AL. Linear polarisation launched on slow axis.
(@) ABL=m, (b) ABPL close to 2mn and (c) ABL=2mm. (d) level of power in fast axis at output.
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Figure 2.11. Level of polarisation cross coupling in a PMRR as a functicn of finesse for different
- values of isolation ratio in the coupler at ABL=2mmn - ‘ '

effective misalignment angle of 3.22°. Fig. 2.9 (d) shows the level of excitation of each
of the resonator eigenstates for a linear input polarisation state with loop birefringence.
The relationship between APL and the phase separation is not linear and it becomes
more parabolic as o increases. Notice that as ABL approaches 2mmn the resonance
modes come to within 2a rad of each other, but never actually cross. As ABL increases
the separation again increases, but now the orthogonal eigenvector is mainly exited.

Fig. 2.10 shows the expected transmission response of a resonator of finesse 100,
with a polarisation isolation of -25dB for various loop birefringences, when the input is
a linear polarisation state aligned with the slow axes of the fibre. Fig. 2.10 (a) shows
that when ABL=r the resonator response is the one normally expected, with the second
eigenstate hardly exited. However, as shown in fig. 2.10 (c) when ABL=2mm, the
eigenvectors are circular and the linear input polarisation state excites both equally,
leading to the observed resonance splitting. Fig. 2.10 (b) represents an intermediate
stage where the minor eigenstate begins to be more strongly exited and the major
eigenstate is no longer fully exited. This excitation of the "unwanted" resonator
eigenstate leads to power being coupled into the orthogonal fibre mode, and the level of
power coupled is found to be dependent upon both the PMRR polarisation isolation
level and the finesse. Fig.2.10 (d) shows the level of power in the fast axis at the
output of the resonator.

Fig. 2.11 shows the theoretically calculated values of the resonant power level in
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the orthogonal polarisation axes for optimised coupler adjustment (100% resonance
notch depth), at ABL=2mm. It demonstrates that even for very precise alignment giving
better than -35dB isolation, a large transfer of power between the fibre polarisation
modes occurs when ABL=2mm, if the finesse is high enough.

If the input polarisation is a circular polarisation then at mutual resonance the
resonator response becomes a single resonance notch of 100% depth, since one of the
resonator eigenmodes is now fully matched. Away from mutual resonance the
resonator response splits and at ABL=r, the response becomes two equally excited
resonance curves of 50% resonance notch depth separated by w. This is because the
eigenvectors of the PMRR are now linear, and the circular input polarisation excites
them both equally.

2.2.3.1 PMRR with Large Misalignment and Zero Differential Loss or
Coupling.

It is interesting to consider the response of a PMRR with the half blocks misaligned
by nearly 90°. In this case it is convenient to define the angle o, such that o'=n/2-a.
This is obviously now a measure of how misaligned the coupler fibre axes are from the

desired 7/2 value. The matrices Aland § then become,

. . iABL2 SABL2
sina.  -cosoL sino 2P _cosa e32PL

AL and §=A"CF=1
coso  sina

(2.44)

ABL2Z . §ABL2
COSOLC’ BL/ sInoL CJ PL/

0

The eigenvalues are, A= jA,e”° and A= A& ®™, where sin=sinacos(ABL/2),
{note: for small a, sina = a}. The phase separation between the two resonances is
again the difference in the arguments of both eigenvalues, which in this case is given by
T-200

Table 2.1 shows the important result that in this configuration the PMRR
resonances are separated by a mean value of ® and only vary with loop birefringence

about their mean positions by at most 2.
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TABLE 2.1

2n 47
i n —_ 2
ABL 0 3 3
Phase
seperation T-200 T-o n T+ T+20.
20

Variation in seperation between resonances with loop birefringence for a PMRR with approximately
90 degrees misalignment.

The corresponding eigenvectors of the system are,
T

L (ABL2+0)
smo - je
= [ 1, ! ] (2.45)

CcosQo

T
. . -j(ABL/2-6)

o+
v, - [ L sina + je ]
CcosQ

(2.46)

The eigenvectors are again orthogonal (Vth1=0). In the ideal case of a=0 the
phase separation is fixed at  and the eigenvectors are always inclined at +/- ©/4 to the
birefringence axis and hence an input linear polarisation state launched on axis is
always analysed equally onto the two eigenvectors, regardless of the loop
birefringence. Some physical insight can be drawn from this by considering that the
situation modelled in this section represents (at the coupler) the fast axis coupling to the
slow axis and the slow axis coupling to the fast axis. Since the resonator response is
made of multiple passes through the coupler+loop this can be thought of as scrambling
the loop birefringence, in a manner analogous to the operation of spun low
birefringence fibres, thus leading to the resonator response loosing its sensitivity to
birefringence.

A similar case occurs when the misalignment is now caused by a 900 splice, within
the fibre loop, a distance La away from port 3 and Ly, from port 2. Assuming (for ease
of analysis) the coupler to be perfectly aligned, we find that the eigenvalues of the
system are the same as above leading to the same dependence on loop birefringence.

The eigenvectors are found to be,
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T

¢ I
sinot c:J -je 1(84/2+9)
v=l1 (2.47)
cosx
a¢ T
.30 jae2-8)
0 +
V,= [1, ooe TF ] (2.48)
cosx

where ¢,=ABL,, ¢, =APLy, and Adp=0,-¢;,. These are found to vary with ¢,, A in
essentially the same manner as in the previous configuration. The difference is that A
appears instead of ABL (which is equivalent to the splice being at the coupler), and
there is an additional term e’¢a Wthh represents thc cffect of the length of fibre Ly on
thei 1nput polansatlon state. A related analysm upon PMRRs formed by closing thc fibrc
loop by means of a splice, has also been recently reported by Hotate, et. al>*. Their
results concentrated upon small effective misalignment operation of the device, and its

gyroscope drift characteristics.
2.2.4 PMRR with Misalignment and Anisotropic Loss and/or Coupling.

The cases outlined in §2.23 whilst instructive are not completely accurate for real
PMRRs in which there will generally exist a differential coupling constant and a
differential loss. The anisotropy parameter h, given by Eq.2.20 is thus no longer equal
to 1. For the case of differential coupling but zero differential loss, the coupler
anisotropy parameter h=Kg/ K, and the coefficients are d;=d,=d;=d as in the case
above. For the case of the PM coupler with differential loss (and no differential
coupling) the anisotropy parameter becomes h=(1-Yp)/(1-Y;) and the coefficients d, d,
and dj are the same as those given in Eqs.2.27-2.29.

The introduction of the coupler anisotropy parameter hs1 leads to some interesting
observations. The eigenvalues of the new system, whilst now difficult to solve
analytically can still be computed numerically and written in terms of magnitude and
phase. The corresponding eigenvectors of such a system are now found generally to be
non-orthogonal (V,tV;#0). Whereas, in the previous cases the eigenvectors were

orthogonal and each eigenstate of polarisation independently generated the resonance
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characteristics, with the overall response simply being the superposition of the two
eigenvalues, this is no longer the case here and the effects of this are related by the final
term of Eq.2.26 which is no longer zero. That the response of the PMRR is no longer
the simple superposition of the two eigenvalues is so because the two eigenstates can
no longer carry the power in the ring independently. Thus each resonance observed in
the transmission response of such a PMRR is not due solely to a single eigenvector, but
has a component of the other eigenvector in it as well.

This non-orthogonality term is found to be more significant close to the resonance
points and can effectively be neglected away from them. If the level of excitation of the
unwanted eigenstate is small, then the magnitude of this term is very small, and it may
still be neglected for most considerations, except those in which extreme phase
sensitivity is required, such as the gyroscope, and is considered further in chapter 5.

~ As in the previous case the relationship between the separation of the resonance
points and the differential loop phase is not perfectly linear, but this is more
pronounced in the case of the anisotropic PM coupler

Fig. 2.12 uses the Poincare' sphere representation of polarisation states> to
illustrate the drift of V1,V7 of a PMRR with ABL, as calculated from Eq.2.18. Any
polarisation state can be defined by a point on the sphere. The points H and V on the
equator represent orthogonal linearly polarised light, and the points R and L on the
poles represent right and left circularly polarised light respectively. Points on the same
circle of longitude represent light of the same azimuth, but varying ellipticity, and
points on the same circle of latitude represent light of the same ellipticity but varying
azimuth. In an ideal PMRR with no cross-coupling (0¢=0), the eigenstates are fixed at
points H and V (fibre birefringence axes). Curve 2.12 (a) shows the drift of V1, V2
assuming CIR=25dB, which is a typical value obtained in the polarisation preserving
couplers examined. When ABL=m, the eigenstates are linear, very close to points H and
V. A linear input polarisation state along a fibre axis excites the unwanted resonance at
a level of -28dB; however as APL approaches zero, the eigenstates drift quickly to the
poles R and L (right and left circular polarisation states) and the same input state excites
them now at equal levels. At ABL=-r the eigenstates exchange positions on the sphere.
Curve 2.12 (b) shows that similar drift takes place even when a small anisotropy
(lhl<<1dB) is present. It is easy to verify in this case that V1,V2 do not follow
orthogonal trajectories on the sphere any more.

Let us now consider a PMRR that exhibits significant anisotropy. For the same
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Figure 2.12. Poincare' sphere representation of the drift of the polarisation eigenstates of a PMRR with
ABL. Parameter h is : (a) 0dB, (b) 0.5dB, (c) 1dB, and (d) 3dB.

isolation level of 25dB, curves 2.12 (c) and 2.12 (d) on the Poincare' sphere show that
as |hl increases, the trajectories of V1,V become closed loops of decaying size, lying
on the locus of H and V, thus reducing the drift in the excitation of the unwanted
resonance. The second effect of introducing a significant anisotropy is that the finesse
of the unwanted eigenstate will also be greatly reduced, as the coupling constants will
no longer properly match the loop losses. This further suppresses the effect of the
unwanted eigenmode upon the performance of the resonator. As an example, consider a
typical PMRR that exhibits differential coupling constant in the coupler and has
kx=0.97, ky=0.1 (h=-10dB), yx=yy=0.03, L=1m, 8.5dB/Km loss at A=633nm and
CIR=25dB. For a linear input polarisation state aligned with axis x, as APL drifts
between -t and &, the minor resonance shows a finesse of only F2=3.25 and its level
is now kept below -48dB, while the finesse and modulation depth of the major
resonance vary only 4% around the values F1=94 and p=0.86.

In practice such a resonator could be realized using a coupler that exhibits
polarisation splitting properties or anisotropic loss, or inserting an in-line polaris<=,r9’15

in the fibre loop (alternatively, a resonator made of polarising fibre>® could serve the
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same purpose).

In both the isotropic and anisotropic resonator ring, the trajectories of the
eigenvectors around the Poincare sphere do not cross, because of the phase in the
eigenvalues.

We shall consider briefly the effect upon the transmission response caused by either
differential coupling or loss. In the case of an ideal polarisation selective PM coupler,

with K¢= 0 the S matrix becomes,

5 oL jBLmy2+ABL/2 cosa 0
S =,/ (19K, e °.¢ (2.49)
sinak 0
The eigenvalues and eigenvectors are,
7"2 }'1
Y and - = cosa (2.50)
0 0
0 cosal
V,= : and V.= (2.51)
sino

where A, is the term representing the products outside the matrix in S.V, is a linear
polarisation inclined at an angle o to the slow axis. V, is the degenerate eigenvector
that corresponds to light coupled perfectly onto the non-coupled state. The intensity

response is given by,

2 'e1'2 2 . e:"z
E,l" = (1-y ) - (1-d)——- (1-d)le,|” - 2(1-d)sincx Re (2.52)
eq 1A | (1-1‘;)

The first two terms on the RHS of this equation represents the generation of resonances
at ABL=2n7n-7/2. The finesse of the response is reduced because of the cosa
attenuation in the eigenvalue. The third term, which normally corresponds to the second

eigenvector is here a constant and does not create a resonance. The final term is the
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non-orthogonality term. The eigenvalues and eigenvectors are now seen to be
completely independent of loop birefringence.

Now consider the PMRR with differential loss, but isotropic coupling. We examine
the case in which this differential loss within the PMRR originates from an in-line
polariser, of insertion loss g and extinction ratio ER=10log(1-b), where b is the
normalised intensity loss of the unwanted polarisation. Following the procedure
outlined from Eq.2.10 to 2.29 we obtain a similar equation to Eq.2.26, except that the
coefficients defined in Eqs.2.27-2.29 are slightly different. The term AY/(1-7Y;) is
replaced by the term b, and all the coefficients have an additional factor of (1-g).

For an ideal in line polariser, the extinction ratio is infinite and b=1. The
eigenvalues and eigenvectors are exactly the same as the previous case of perfect
anisotropic coupling and the same comments on these values apply. However, the

intensity transmission is now given by,

e, P y
1 |3212 - 2sino Re { 9% } (2.53)
-1, | (-1 )"

E,’ = (1-79)-(-4)
where d;=(1-g)dcos?c. The first two terms of the above equation again represent the
generation of resonances at ABL=2nx-n/2. The finesse of the response is however
further reduced as a consequence of the polariser insertion loss, as well as by the cosa
attenuation in the eigenvalue. The third term is again a constant, however we see that
now the effect of exiting the unwanted eigenstate in such a PMRR is to directly reduce
the intensity of the output because of the action of the polariser, which now absorbs the
light (as opposed to the previous case where the the light in the unwanted eigenstate
was coupled straight out of the resonator). The final non-orthogonality term in this
resonator is found to be larger than in the previous case because of the lack of the (1-d)
term. Since d is often close to 1, this difference can be quite large. Again, the response
of such an ideal PMRR is completely independent of the loop birefringence.

Infact to be useful as a technique for reducing the polarisation drift problem of real
PMRRSs, the extinction ratio of the in-line polariser does not have to be very high as it
will experience multiple passes through it. As shown in Fig. 2.13 a 10dB in-line
polariser aligned with one of the fibre axis was found theoretically to be sufficient to
reduce the effect of the polarisation drift to negligible levels. The PMRR modelled prior

to the addition of the in-line polariser, has a PM coupler polarisation isolation ratio of
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Figure 2.13 response of PMRR described in text for ABL=2mmr, with h=-0.05dB and CIR=24dB
(a) before insertion of in-line polariser and (b) after insertion of a 10db in-line polariser.
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-24dB, and differential coupling and loss, which yield well away from mutual
resonance, a finesse 120 and a resonance notch depth of 97.1% for light launched
along one fibre axis and a finesse of 115 and resonance notch depth of 91.4% when the
input polarisation was aligned with the orthogonal fibre axis. This leads to an
anisotropy parameter h=-0.05dB. Fig. 2.13 demonstrates the transmission response of
the PMRR at mutual resonance (a) before and (b) after the insertion of the 10dB
polariser.

When considering the combined effect of differential loss, and differential coupling,
in a real PMRR, with a view to reducing the polarisation drift, the main consideration is
to ensure that as far as possible the coupling constant and loss of the unwanted
eigenstate are not matched, in order to avoid the finesse and modulation depth of that

eigenmode being optimised.

2.3 Experimental Investigations of Polarisation Maintaining Fibre Ring

Resonators.

Several high quality PMRRs were successfully fabricated for operation at 633nm,
830nm and 1.3um. The PMRRs were all fabricated with York V.S.0O.P Bow-Tie fibre.
Only the PMRRs fabricated for 633nm operation were used primarily to investigate the
polarisation instability in these devices, although all the resonators showed the same
basic operational characteristics. The resonators fabricated include (1) a 1m PMRR with

17® which was at the time of fabrication the highest

a demonstrated finesse of over 600
value of finesse reported, (2) a 4.15m PMRR with a finesse of over 250, and (3) a 3m
PMRR with a finesse of over 180. Care was taken when measuring the above finesse
values to avoid the effects of optical non-linear phenomenon, particularly stimulated
Brillouin scattering, upon the measurements. This is discussed further in chapter 4.

The basic schematic of the experimental system used to investigate the polarisation
instability is shown in Fig. 2.14. A 633nm stabilised single longitudinal mode HeNe
laser was used as the source. As outlined above, the transmission response of a PMRR
is found to be extremely sensitive to fibre birefringence, and in the type of PM fibre
used the birefringence is strongly temperature sensitive’'. To reduce the effects of
random environmental temperature variation the PMRR to be investigated was placed

within a temperature shield. A linear polarisation state was defined at the input of the
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Figure 2.14 Schematic of experimental setup used to investigate polarisation instability in PMRRs.
P1, P2 : polarisers, L1, L2 : x30 objective lenses, D : detector, PZT : piezoelectric cylinder.

fibre by means of a 50dB Glan-Thomson polariser and a rotatable half wave plate. Care
was taken to try and enclose as much of the input fibre within the temperature shield as
pbssible, és when light bis present upon both the fibre principal axis, the polarisation
state that reaches the PM coupler will be dependent upon the (environmentally
sensitive) input lead birefringence. When required the light present on the orthogonal
fibre axes at the output of the PMRR could be investigated by means of an output
analyser aligned with the fibre principal axis, as shown in the diagram, or by means of
an aligned polarising beamsplitter, and detector pair. Care must be taken to ensure that
any polarisation selective components at the output of the PMRR are carefully aligned,
with the output fibre axis, as any misalignment causes selective filtering of the
polarisation components of the output and this can again lead to significant changes in
the transmission characteristics of the PMRRSS, sometimes resulting in the resonance
notches becoming resonance peaks. It was important to ensure that the collimated
output of the PMRR fell on the center of the detector, to allow the output of each
polarisation axis to excite the detector equally. Strong polarisation filtering was found
to occur when only the edge of the output beam was used to excite the detector.

The input and output polarisers was aligned with the fibre principal axis by one of
several means. The simplest method was to temporarily replace the HeNe laser with a
low coherence source, then by iteratively varying the output polariser for a fixed
position of the input polariser, both polarisers could be aligned with the fibre axis by
noting the position at which the extinction ratio of the two cross polarisers with the
PMRR in between was maximised. Extinction ratios of 30dB with the two 50dB
polarisers could typically be achieved. The disadvantage of this technique is that the

-39-



HeNe laser then needs to be re-aligned into the system.

The same technique can be used again directly with the HeNe laser source, however
the long coherence length of the source leads to interference effects which also give
output minima. By varying the birefringence of the fibre (eg, by heating it) it is possible
to determine whether the output minimum is due to interference effects or the successful
alignment of the output polariser with the output fibre principal axis. Once the output
polariser is aligned, the input polariser can be readily aligned by rotating it until the
output is maximised (or minimised). Generally care had to be taken to ensure that the
PMRR was kept well off resonance, or if the coupler was dismantled, to ensure that the
coupler halfs and intermediate fibre were kept within the temperature shield, as the
small cross coupling at the half blocks leads to a Mach-Zender interferometer being
formed between the blocks.

An imaging technique can also be used to determine the orientation of the fibre -
polarisation axis, by observing the fibre ends under a microscope and fixing them in
special holders and marking the axis alignment on the holders. Whilst this technique,
unlike the previous methods allows the fast and slow axes to be discriminated, it only
allows rough alignment.

A novel method that also allows the axis to be discriminated is based upon the fact
that the output of the York Bow-Tie PM fibre is elliptical in shape. Two factors play
upon the shape of the output. First is that the fibre core was actually slightly elliptical,
with its major axis along the fast axis, and second is the differential refractive index
along the fast and slow axis (see table 2.2 for the data on a typical length of HB600
Bow tie fibre). These two effects combine to form an output ellipse, with its major axis
aligned along the slow fibre axis. This was checked experimentally by comparing it
with markings made on the fibre holder by the above method. The orientation of the

ellipse was found to be
TABLE 2.2
Cladding Index Peak Core Index Core Diameter (tm)
Fast axis 1.4585 1.4648 4.36
Slow axis 1.4497 1.4653 3.30

Table 2.2 refractive index and core diameter data on typical length of York Bow-Tie HB60O fibre [ref.59].
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independent of the input polarisation. Thus it is now a simple matter of aligning the
output fibre with the output polariser, and consequently the input polariser.

The loop phase was varied by modulating the loop length. This was achieved by
wrapping a length of fibre around a PZT and applying a saw-tooth voltage. The
frequency of the applied modulation had to be kept below 40Hz for the high finesse
resonators, to avoid undesirable ringing effects®C. This is because the ring resonator is
essentially a storage device that requires a characteristic build-up time to properly

generate its output response.
2.3.1 Variations in Transmission Response with Loop Birefringence.

When the experimental schematic of Fig. 2.14 was set-up, resonance splitting
effects similar to those described by Fig. 2.10 were observed. The loop coupler was
adjusted in the 3m PMRR to give a finesse of 115 with resonance notch depth of
91.4% for linearly polarised light launched along fibre axis (1), and a finesse of 120
with resonance notch depth of 97.1% for light launched along fibre axis (2). This
corresponds to an anisotropy parameter h of -0.05dB, and is the same as the resonator
that was modelled in the case of the in-line polariser. The polarisation isolation ratio
was estimated by monitoring the minimum phase separation between the resonances as
outlined in §2.2.3 to be approximately -24dB. Given the low coupler anisotropy, this
measurement is still a good approximation of the coupler polarisation isolation. The
intensity transfer function of the resonator for input on axis (2) is shown in Fig.2.15.
Fig.2.15(a) shows the transmission response over a single free spectral range. The
main resonance dip corresponding to resonance of the launched linear polarisation
mode can be observed and a second notch can barely be discerned, separated from the
first dip by approximately half a free spectral range. A variation in temperature of a few
degrees (°C) is found to alter the birefringence enough for the separation of the two
resonance dips to scan a free spectral range. Fig.2.15(b) shows the intensity
transmission when a thermal drift causes the two resonance dips to approach each
other. The depth of the major resonance decreases while the minor one increases to a
more distinguishable level. Fig.2.15(c) shows that at ABL=2mn the response consists
of a pair of dips of virtually equal size. After the two dips have "crossed" each other the
response takes the normal form of Fig.2.15(a).

Further measurements were taken to assess the observed effect by placing a
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polariser at the output of the resonator aligned orthogonally to the input polarisation
state. When the two resonance dips were well separated, the level on the unwanted
fibre mode was minimal, as expected from the low residual cross coupling. When the
temperature of the loop was changed to attain resonance splitting (APL=2m) the level
in this orthogonal fibre mode reached a peak value as shown in Fig.2.15(d), indicating
a substantial level of power conversion between the fibre polarisation modes. This peak
value was found to be slightly dependent on the precise coupler adjustment and was up
to 40% of the launched power. An excellent agreement is found between these
experimental results and those predicted from the use of Eq.2.26 with the experimental
parameters applied. Because of the low value of coupler anisotropy, h, the results are
also in good quantitative agreement with the theoretical plots of Figs. 2.10 and 2.11,
which demonstrate the expected transmission response and power coupling in the

absence of coupler anisotropy.
2.3.2 Non-Orthogonality of Eigenvectors.

Variations in the coupler anisotropy parameter h, and polarisation isolation with
relative half block alignment has been observed experimentally for the first time in our
experiments. With the input polarisation aligned along one of the fibre axis, the PM
coupler could be aligned to give good polarisation isolation and a high extinction ratio
between the two eigenstates (ie low coupler anisotropy). With the input polarisation
state maintained constant, slight coupler adjustments were found to be sufficient to alter
the transmission response of the PMRR to that shown in Fig. 2.16. A large component
of the other PMRR eigenmode is now excited. That the eigenmodes are now
significantly non-orthogonal can be deduced by the fact that the summation of the
normalised resonance notch depths is greater than 1, and it is no longer possible to
excite only one eigenstate. The finesses of the 'major' and 'minor' resonances shown
in Fig. 2.16 are 196 and 220 respectively. The most extreme variation observed was in
the 4.15m PMRR with the one of the eigenstates having a finesse of 137 and a
resonance notch depth of 90% and the other eigenstate having a finesse of 87 and a
resonance notch depth also of 90%, for a fixed coupler adjustment.

For large polarisation isolation ratios (and ABL=n), the finesse of the PMRR was

determined for linearly polarised input launched along either the slow or fast axis, with
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coupler) can also be used to reduce the polarisation instability. The latter case can be
achieved either by the insertion of a low loss, relatively low isolation polariser in the
loop, as outlined above (cf. Fig. 2.13) or by means of a single polarisation fibre. The
important parameter is the loss of the loop formed by either method, as this will
determine the finesse of the PMRR. The in-line polariser could either be of evanescent
type (eg plasmon polariserssl) or of coiled birefringent fibre type62. Preliminary
attempts to fabricate a PMRR with an in-line evanescent type polariser proved
unsuccessful, because of the difficulty in polishing three half blocks on the same strand
of optical fibre, all with the required coupling and polarisation isolation ratios.

A PMRR with large differential coupling constant could be achieved, without the
need for external components by suitably polishing the coupler halves to give the
necessary polarisation dispersion, in the manner outlined in §2.1. However, this effect
is small for polishing along the same fibre axis as is required here. Another method is
to introduce some anisotropic material between the coupler half block interaction
regions, and this method was also chosen to be investigated experimentally.

A thin film of nematic liquid crystal (NLC) was placed in between the two polished
fibre blocks of the 4.15m PMRR, instead of the usual refractive index matching liquid.
The NLC consists of rod shaped molecules, which can in macroscopic terms be aligned
on average in one direction, called the director. The cylindrical shape of the molecules
gives the NLC its birefringent properties. Linearly polarised light propagating along the
director experiences a higher (extraordinary) refractive index ne, while linearly
polarised light propagating in a direction normal to the director experiences a lower
(ordinary) refractive index, ng. The choice of NLC was determined by the suitability of
the values of these indices for good PMRR performance. The NLC used in the
experiments was BDH mixture 14616, which demonstrates refractive index values of
np=1.452 and ne=1.5 at A=633nm over a wide temperature range. The molecules of
the NLC were aligned homogeneously (ie with the director lying on the plane of the
coupler half block surface), perpendicular to the fibre axes; thus a TM-like field faces
the lower (ordinary) refractive index, while a TE-like field experiences the higher
(extraordinary) one. The NLC was aligned by means of first rubbing the surface of the
coupler blocks with a soft tissue. This creates micro-grooves along which the NLC
molecules can align. Care was taken not to adjust the coupler blocks too excessively as
this would misalign the NLC. Due to this anisotropic interlayer the coupler exhibits

vastly different coupling constants and loss for the two fibre polarisation modes; the
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anisotropy parameter was estimated to be h=-10dB. Fig.2.17 shows the intensity
response of this resonator for a linear input polarisation state (a) launched along the
slow axis, (b) the fast axis and (c) along both fibre axes. The polarisation state of the
input was varied by means of fibre polarisation controllers spliced onto the input of the
PMRR. This helped to ensure a constant launch power as the polarisation state was
adjusted. Fig. 2.17 (d) demonstrates that now the amount of light coupled over to the
orthogonal fibre axis is greatly reduced. Clearly the two polarisation eigenstates exhibit
vastly different finesses (F1=70, F2: almost sinusoidal modulation). When the input
was aligned with the fibre axis that creates the higher finesse, the response consisted of
a single resonance dip and was not noticeably affected by normal external
perturbations. To our knowledge this is the first demonstration of a resonator that
exhibits vastly different finesses and a polarisation stabilized response. The finesse in
this resonator was limited by the scattering the NLC. Lower NLC scattering loss
should be possible by the application of production techniques used in liquid crystal
display technology.

2.3.4 Determination of Coupling Regions in a PMRR.

The analysis of §2.2 assumed that all the polarisation coupling in the PMRR
occurred at the PM coupler, and it is of interest to experimentally determine the validity
of this, and to compare the strength of cross-coupling at the coupler compared to the
other sources, such as along the fibre in the loop and especially at the fibre wrapped
tightly around the PZT cylinder.

This was achieved by means of the coherence matching technique of Fig. 2.18. It

Low coherence  A/2

source plate M2
C Jlki( / f
Temperature
shield %

Figure 2.18. Coherence scanning experiment to locate points of cross-coupling in PMRR. P1, P2 :
polarisers, L1, L2 : x30 objective lenses, D : detector, PZT : piezoelectric cylinder, M1,M2 : mirrors,
BS : 50/50 beamsplitter, f1 : applied modulation.
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consists of a low coherence input, launched on axis into a PMRR with a polariser
aligned at 45° to the output fibre axis, followed by a Michelson interferometer. Light
that is coupled from the launched axis over to the orthogonal fibre axis may either
propagate to the output end after n fibre loop transits (n=0,1,2..), or recouple back to
the launched fibre axis. Either way it will suffer a differential delay from light that has
propagated only in the launched axis, and this delay will depend upon the point at
which the light was coupled and the distance it has had to travel (ie how many loop
transits) before it reaches the output of the PMRR. If the differential phase delay is
greater than the coherence length of the source then the signals after the output polariser
will not interfere. The purpose of the Michelson is then to form a matched filter for the
output light. As the length of one of the arms of the Michelson interferometer is varied a
coherent signal will only be achieved when the differential delay of the Michelson
interferometer equals (within the source coherence length) the delay between the
polarisation components. To aid signal recovery, a sinusoidal modulation is also
applied to one of the Michelson interferometer arms.

The system was first calibrated with just the low coherence source and Michelson
interferometer to determine the position of any signal peaks due to the lasers own
coherence function. Then using a single length of York HB600 fibre, similar to the one
used to make the PMRR, the resolution of the Michelson to cross-coupling was found
to be AL=11cm, for a AP of 5x10™. The experimental schematic of Fig. 2.18 was then
set-up with the Im PMRR and the path imbalance of the Michelson varied, and the
corresponding signal levels noted. This procedure was repeated several times for
accuracy.

The results shown in Fig. 2.19 can be explained in terms of the light cross coupled
at the coupler experiencing an integer number (n=0,1,2,..) of transits around the fibre
loop (Loop=1m), and either zero or one (m=0,1) transit through the output lead
(Lead=30cm). m=0 corresponds to the light that had been previously cross-coupled
coupling back into the launched polarisation axis. Thus signal peaks are expected at
path imbalances on the Michelson corresponding to a differential distance
nLoop+mLead travelled in the PMRR. Only the 8th signal peak cannot be explained by
this argument, and may be due to a spurious laser line being formed by end-reflections
into the laser by the PMRR input. Also the term corresponding to n=1, m=0 is absent,

possibly because it is below the system noise floor level (-110dB). We note that as
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Figure 2.19 Signal peaks detected as path imbalance of Michelson interferometer is scanned. The terms
(n,m) indicate the combination of differential loop (n) and output fibre (m) transits experienced by the -
cross coupled light.

expected, almost all the cross-coupling occurs at the coupler and that the coupling

effects of the fibre length and PZT windings are not apparent in this experiment.
2.3.5 Aging Effects in Bow-Tie PMRRs.

Anomalous effects where observed in the 3m and 4.15m PMRRs when the PM
couplers had been left assembled and clamped for an extended period of time (over
Imonth). The originally low loss couplers became very lossy and began to glow very
strongly, and the transmission response of the device became severely altered. Fig.
2.20 (a) and (c) show the resonator response for the two new eigenstates of the device.

One of the eigenstates exhibits resonance peaks, similar to the response expected if
the portion of light that couples straight through the coupler (without entering the ring)
is missing, and the other eigenstate is similar to the response of a resonator with
extreme differential losses between the coupler symmetric and asymmetric modes®>.
Fig. 2.20(b) shows the response when both eigenstates are excited. These two
resonances still drifted with respect to each other, and suffered resonance splitting at
ABL=2nn. The effect was found to disappear once the pressure on the PM couplers
was relieved and the couplers re-aligned. The glow of the coupler block was also found

to be significantly reduced. These observed effects are similar to the effects expected if
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device performance, from the desired stable resonance response. The Jones matrix
formalism is used to develop an expression in terms of eigenvalues and eigenvectors,
that fully describes the PMRR response. The agreement between this expression and
the experimental results is found to be very good. Polarisation cross coupling is shown
to lead to the eigenmodes of the ring resonator becoming strongly dependent upon
cavity birefringence. For stable input polarisation states, this leads to strong variations
in the transmission response of the device. The separation between the resonance points
of the two resonator eigenmodes is no longer a linear function of cavity birefringence,
and the minimum phase separation between the resonance points is shown to be equal
to twice the effective misalignment angle. The effective misalignment angle being a
complex function of fibre axis misalignment, coupler geometry and fibre birefringence.
In the absence of significant coupler anisotropy this minimum resonance separation
provides a simple means of measuring the polarisation isolation in a PMRR. The
addition of coupler anisotropy in terms of loss or coupling constant generally causes the
resonator eigenmodes to become non-orthogonal. This means that the two resonance
dips formed are now interdependent, and the characteristics of the PMRR response
depends upon the magnitude of the anisotropy. For large cavity anisotropies the PMRR
eigenvectors exhibit a reduced dependence upon loop birefringence.

The occurrence of this polarisation instability in PMRRs renders the device
unsuitable for any applications that require a stable device response. This instability
was shown theoretically to be reduced by several methods, including (1) the
introduction of a n/2 effective misalignment point within the cavity, (2) the use of an
intra-cavity polariser or polarising fibre to form the cavity, (3) strongly anisotropic
coupler loss, (4) strongly anisotropic coupler coupling constant. The use of coupler
anisotropy to suppress the polarisation instability was also successfully demonstrated
experimentally for the first time by the introduction of a nematic liquid crystal between
the coupler half blocks.
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Chapter 3

REVIEW OF STIMULATED BRILLOUIN SCATTERING IN
FIBRE SYSTEMS

The large coherence length of many contemporary cw lasers, coupled with the small
cross sectional areas and low losses of optical fibres, can result in very high intensities
of light propagating over long interaction lengths. Thus even fused silica fibres, which
have typically small non-linear susceptibilities, exhibit many types of optical non-
linearity at relatively low input powers.

The enhancement of the circulating intensity over that of the input intensity afforded
by the geometry of all-fibre ring resonators, leads to such non-linear effects becoming
even more prominent in these devices, especially as the continual advance in the quality
of optical fibre components leads to improvements in their achievable finesses.

One of the most pronounced optical non-linear processes in coherent fibre-optic
systems is stimulated Brillouin scattering. In this effect, an intense forward propagating
optical wave gives rise, via electrostriction, to a forward propagating coherent
hypersonic acoustic wave, and a backward propagating frequency shifted optical wave.

For passive operation of the fibre ring resonator, as is required in most sensor
applications, the onset of stimulated Brillouin scattering within the fibre loop can have
deleterious effects upon device performance, and hence these effects need to be
characterised. The purpose of this chapter is to present an introduction to the field of
stimulated Brillouin scattering, and to provide some of the necessary theory required in
Chapters 4 and 5. Chapter 4 characterises the effects of the process upon ring resonator
performance and investigates methods to reduce these effects. The stimulated Brillouin

process may however also be put to use, to form for example, active cavities that can
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emit either stable narrowband radiation, or mode locked pulses65‘66. Such stimulated
Brillouin lasing cavities suggest the possibility of forming all fibre stimulated Brillouin
ring laser gyroscopcs67. This is investigated further Chapter 5.

The theory of stimulated Brillouin scattering is first presented, and its dependence
upon pump bandwidth and material characteristics outlined. The effects of competing
optical non-linear phenomenon are noted, and finally an overview of stimulated

Brillouin scattering applications presented.
3.1 Non-linear optics.

When an electromagnetic field propagates through a medium, it exerts a force upon
the loosely bound outer or valance electrons. Typically these forces are relatively small
and at low electric field strengths, the resulting electric polarisation is parallel with and
directly proponional to the applied electric field. The proportionality constant is the
electric susceptibility, ¥, a material constant. At high electric field strengths, the electric
polarisation is no longer directly proportional to the electric field and this gives rise to
non-linear optical phenomena. In this case the polarisation can be written in terms of the

following power series®®,

=Yoo @ O g E 4o
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In centrosymmetric materials, (such as the silica based glass used in
communications grade optical fibre), only the odd terms in the power series of Eq.3.1
exist and the second term of the series which gives rise to such phenomena as second
harmonic generation and optical rectification does not occur. (Special optical fibres that
do exhibit large second order non-linear susceptibilities can be formed by poling the
fibre with a strong dc electric field to permanently align defect centers within the
core69). Thus, in conventional optical fibres the third term of the series is the most
dominant contributor to optical non-linearities. This third order term can give rise to a
range of non-linear effects, such as Four Wave Mixing (FWM), self focusing, the Kerr
effect, stimulated Raman and stimulated Brillouin scattering.

The stimulated Raman and Brillouin effects are associated with the generation of

high frequency phonons in the material. Each of these stimulated scatterings have their
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corresponding spontaneous scatterings as well. Raman scattering is from molecular
vibrations on the optical branch of the dispersion curve that describes the material
vibrations, and Brillouin scattering is from the acoustic branch of the dispersion curve.

An excellent review of the spontaneous and stimulated scattering processes is given by

Kaiser & Mair".
3.2 Stimulated Brillouin Scattering.

Since the first observation of stimulated Brillouin scattering by Chiao, Townes and
Stoicheff’, of intense laser light in quartz and sapphire, the effect has been studied
extensively in solids, liquids and gases under a variety of conditions. Stimulated
Brillouin scattering often occurs at power densities several orders of magnitude below
that required for the other stimulated scattering processes and is thus of primary
importance in coherent systems.

It is worth first commenting on nomenclature. In the western literature Stimulated
Brillouin scattering (due to electrostriction) is often abbreviated as SBS, and stimulated
Brillouin scattering (due to thermal waves via light absorption) is abbreviated as STBS.
Because of the low light absorption in optical fibres, STBS can readily be ignored from
the present treatise. In the Soviet literature SBS (via electrostriction) is known as
stimulated Mandelshtam-Brillouin scattering (SMBS), or sometimes more confusingly
as STBS. We shall adopt the western convention in this thesis.

7274 as a coupled three wave interaction

SBS can be described entirely classically
involving the incident light wave (which from parametric interaction theory is often
called the pump), a generated acoustic wave and the scattered Stokes (idler) wave.

7576 The only

Quantum mechanical representations of the process have also been made
notable difference in the predictions of the two theories is that the quantum mechanical
theory predicts that the SBS process can be initiated even in the absence of an initial
acoustic or Stokes wave, due to zero field fluctuations.

In the classical picture an electromagnetic field in a body produces an electrostrictive
force density linearly dependent upon the product (9&/dp)E;E;, where o€ and dp are
respectively the change in the dielectric constant and density of the material. In the case
of a single plane wave propagating through the medium, this force can be resolved into
a static component and a component propagating with the velocity of light. The elastic

deformation that can be produced by this electrostrictive force is greatly inhibited by the
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mismatch between the propagation velocities of light and acoustic waves, and hence the
propagation of the pump wave alone through the medium is not enough to generate an
intense acoustic wave. However, if there exists in addition to the pump wave a
secondary (Stokes) light wave of the appropriate frequency and direction, then by
virtue of the cross terms generated in the electrostrictive force, a force propagating at an
acoustic velocity may now be generated, thus leading to strong excitation of an acoustic
wave. The acoustic vibrations lead to a time and space variation of the dielectric
constant of the medium, which under the action of the pump wave produces a
polarisation current that acts as the source of the secondary light wave. The acoustic
wave thus couples the two electromagnetic waves. There now exists an amplification
process, whereby energy is coupled from the pump wave to an acoustic wave and the
Stokes wave. In optical fibres the intensity of the Stokes wave can build up to such
~ large values that it can lead to '‘cratering' of the input fibre end”’.

The source of the initial secondary wave is assumed to be from elastic scattering off
thermal noise in the medium, and this is known as spontaneous Brillouin scattering. A
competing process as the initiator for SBS is given by quantum mechanical
considerations, where the spontaneous conversion of a pump photon into an acoustic
phonon and Stokes photon can occur. This in fact would be the initiating process in the
absence of any acoustic or Stokes wave in the medium.

The three waves obey the energy conservation law, which relates the three

frequencies,
W, = 0p - O (3.2)

and maximum power transfer occurs when the wave-vector phase matching condition is

achieved,

K,=K +K, (3.3)

The subscripts A, P and S in Eq.3.2 & 3.3, refer to the acoustic, pump and Stokes
waves respectively.
The vector relationship of Eq.3.3 is shown in Fig.3.1(a). Since the velocity of

sound is smaller than the velocity of light, typically by a factor of approximately 105, it
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KP= KS+ KA 7\,P = 27\-A81n(6/2)
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Figure 3.1 (a) The phase matching vector diagram for SBS. (b) The Bragg diagram equivalent
of (a).

follows that the max1mum sound frequency that can be generated, i.e., the maximum
frequency shift, is approximately 10-5wp. We can consequently assume to the same

degree of accuracy that Kp=Kg and obtain the following equation,
VAN .
Wp - Og = 0, = Zo)P(-cA-) sm% 3.4)

In Eq.3.4, 0 is the angle between the incident and scattered wave vector, v, is the
sound velocity of the scattering medium, and n is the refractive index. This equation
was first derived by Brillouin in 1922”8 and independently by Mandelshtam in 1926™.
As diagrammed in Fig. 3.1(b) the frequency shift given by Eq.3.4 is consistent with
the Doppler shift experienced by a light wave incident at the Bragg angle 6/2 on a
sound wave receding at a velocity v,.

In single mode optical fibres the only allowable values of 6 are 0 and =. Since,
from the Bragg scattering model w, =0 for 6=0, forward Brillouin scattering is usually
ignored, and the maximum frequency shift occurs in the backward direction with 0=mn.
The frequency shift of the backscattered Stokes wave in pure silica is 13.2 GHz at
1.3um. Such high frequency phonons are often known as hypersound in the literature.
It should be noted however, that the actual propagation mode in single mode fibre has a
finite angular width due to diffraction, and hence there may be a contribution of
Brillouin scattering to the forward propagating lightso. The phonon frequency of such a

forward scattered component is below 1 GHz at 1.3um. Since the amplification of the
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Stokes wave is dependent upon the intensity of the pump wave, any depletion of this
pump wave will effect the forward scatter much more than it will the backscatter, which
will continue to experience an undepleted pump. Hence the forward scattered field
components are many orders of magnitude down on the backscattered wave can thus
often be ignored.

In optical fibres the anti-Stokes scattered component ( where, @55 = @+ W, and
which together with the Stokes makes up the Brillouin doublet ) is not phase matched
and so cannot occur due to SBS alone. However, end reflections and the process of

8182 The properties of SBS

four-wave-mixing can lead to the generation of anti-Stokes
in optical fibres are rather different in comparison to SBS in bulk optics. In bulk
experiments 0 can take any value, however because of the lack of the guiding nature of
optical fibres, the interaction region is relatively small and focused geometries have to
be used in order to achieve suitable intensities. Because the phonon wavelength is
comparable to the dimensions of the fibre structure, it is possible that the acoustic
waves may become guided within the fibre. This leads to a change in the phase
matching conditions, as compared to the bulk optics case due to the dispersion in the

guided acoustic modes.
3.2.1 Coupled non-linear wave equations.

In this section we review the coupled wave equations that can be used to describe
the SBS process in optical fibres and that will be used in Chapter 4. The set of three
coupled non-linear wave equations that completely characterise the SBS process are

given by72,

oy 92 ) n o? *
or 2 pan .

[ =" iKgot, + KS]ES(Z) =——"P (DEx2) (3.10)
a2 . 2 NC‘)%T]

l: g - iKpa, + KP]EP(Z) = ——Z'K—P(Z)Es(z) (3.11)
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where P(z,t) is the acoustic amplitude, Eg and Ep are the Stokes and pump amplitude.
o, is the acoustic attenuation, o is the optical attenuation, L is the permeability of the
unstrained medium, 7 is equal to the product of the Pockel's elasto-optic constant and
the square of the permittivity, €, of the unstrained medium, and x is a material constant.
These coupled equations are derived by finding the solution to the non-linear wave
equations describing the Stokes and pump waves, and the Navier-Stokes equation used
to describe the acoustic wave.

Whilst these three coupled wave equations are completely general, they are often
intractable analytically, and need lengthy numerical solutions. In cases where the
attenuation of the acoustic wave is very large, as is the case of hypersound in most
materials at room temperature, and where the slowly varying field approximations

apply, the equations describing the process can be reduced to two greatly simplified

. coupled equations,

dl5(z)
37 = —8@s)p@)s(2) + &, I5(2) (3.12)

olp(2)
3 = 8@s)p(@)I5(2) — ol,(2) (3.13)

where,
_ phoosY K 40ac,

g(ws) (3.14)

4nx[4(wg — B)® + 0 hva]

L, Is are the intensities of the pump and Stokes waves respectively, g(w,) is the gain of
the process, and z is the distance travelled in the fibre with z=0 at the pump input end
and z=L at the pump output end, where L is the length of the fibre and & ,v, = acoustic
damping constant I'. I'~! is the characteristic phonon damping time. y is the
electrostrictive coefficient given by, Y= p,(0€/dp), p,, being the material density.
Eq.3.12 shows that the rate of change of the Stokes photon flux in the -z direction
contains an optical loss term and a gain term. The gain, which is due to stimulated
Brillouin scattering, is proportional to the product of the intensities of the pump and
Stokes waves, Ip(z)Is(z). The resonance denominator in the gain coefficient of

Eq.3.14, shows the effect of the wave vectors not necessarily being perfectly matched,
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and by measuring the full-width at half-maximum of the scattered Brillouin line we can
have a direct measure of I'.-

Eqs.3.12 and 3.13 show that the rate of decrease of pump intensity in the +z
direction, due to SBS, is exactly matched by the rate of increase of the Stokes intensity
in the -z direction. Thus every pump photon scattered in the stimulated process leads to
a backscattered Stokes photon. However, because of the large acoustic loss, every
pump photon scattered does not also lead to a forward propagating phonon.

The presence of the optical loss terms in the coupled Eqgs. 3.12 and 3.13 greatly
complicates the solutions. Now, 0, is often small compared to the other terms, and so
except in threshold considerations, it is often neglected, and the exact solutions are

given by,
I(2) = I;(2) + 1,(0) - I4(0) (3.15)

~ with, , o
Lz)= I50)[1 - Ig(0)1p(0)]
SV explll - I5(0)/1p(0)]g(ws)Ip(0)z} — Is(0)¥1p(0)

(3.16)

In the limit of insignificant pump depletion with I5(0)/Ip(0) << 1, Eq.3.16 can be re-
written to give the output Stokes intensity after traversing the fibre of length L,

I50) = IsLexp{gws)p(O)L} (3.17)

We can also define an effective length Legg, different from the actual fibre length
because the effective length for the gain is less than the actual length, due to attenuation,

and is given by,

1 —exp(20pL)
eff = 2(10

(3.18)

The main difficulty now is in determining the value for Ig(L). One can see that there
is clearly a difference between the case when SBS is being investigated in an amplifier-
type configuration (where the Stokes wave is input externally), or a generator-type
configuration (where the Stokes wave is built up from thermal noise). In the generator
configuration we are guaranteed that the Stokes wave which is best correlated to the

ideal phase matching condition will be the one that will experience the maximum gain
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and hence survive the competition between modes at threshold. On the other hand, in
the amplifier configuration, correlation of the Stokes wave to the pump is fairly
arbitrary, and in the low-gain amplifier, the broadband gain may be substantially
smaller than the narrowband steady-state gain. In the high-gain amplifier, the waves
become correlated by the SBS process, irrespective of input conditions and the gain
approaches the narrowband steady-state value. The rate equations 3.12 and 3.13 only
apply to coherent pump and Stokes waves. However it can be shown that for the
generator configuration where the initial Stokes is essentially noise distributed along the
fibre, Qe can obtain an equivalent Stokes photon density per unit frequency that is input
at a distance given by the reciprocal of the linear gain [Ip(O)g((os)]'l, to represent the
initial thermal noise’2. Also the Landau-Plazeck material constant can give the ratio of
Rayleigh to Brillouin backscatter at a particular temperature83.

The linewidth of the Stokes line is found to be spectrally sharpened with increasing
overall gain product, Ipg(w)L, as is characteristic of all thermally exited maser type
amplifiers. In the low gain limit (Ipg(wg)L<<1) the Stokes linewidth is equal to the
acoustic damping constant I, and in the high gain limit (Ipg(w)L>>1) the linewidth is
found to vary as I'[In2/Ipg(wg)L]12.

The solutions to the rate equations also demonstrate that the backward propagating
Stokes wave cannot continue to grow indefinitely, because of the finite intensity of the
pump, and saturates whenever the Stokes intensity reaches within a few percent of the
pump intensity, regardless of whether this is due to a long interaction length or high

input Stokes intensity72.
3.2.2 Dependence of SBS upon pump bandwidth.

In the above analysis the pump bandwidth was assumed to be narrow relative to the
Brillouin linewidth. The effect upon the SBS gain of using a broadband pump (with a
pump linewidth greater than the Brillouin linewidth) has also been extensively

investigatf::dg‘i’86

. Broadband pumping of the SBS generator configuration is found to
affect the gain whenever the pump consists of two or more temporal modes separated
by more than the SBS linewidth, or when the coherence length of the pump is shorter
than the gain length of the SBS medium. Broadband pumping of the SBS amplifier
configuration in the high gain limit is found to have little affect upon the gain. However

in the low gain limit the broadband SBS gain is found to be much lower than the steady
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state (narrowband pump) gain and is given by,

r
T®AV,

Ggp = Gss (3.19)

where Ggg is the broadband gain, Ggg is the steady state narrow band gain, AVy is the
linewidth of the pump (FWHM) and ® denotes the convolution of the spectral densities
of the pump and Stokes.

For the case where the pump wave is made up of two (or more) spectral lines there
has been some controversy in the literature as to the exact nature of the response.
Cotter®” has su ggested that a laser field consisting of two optical frequencies separated
by Avy, undergoes a phase change of & at a rate equal to Avy, via a mode beating
- effect, and that providing the phase reversals occur at a rate faster than the spontaneous
acoustic dephasing time Avg-1, the acoustic wave is unable to build up to a significant
amplitude and hence the gain is reduced. Cotter's results where later repeated, with
slight modification by Tsubokawa ez. al®,

Lichtman et. al.*’ have also analysed the case of SBS exited by two pump waves
in single mode fibre. Their model suggests that there can be interaction between the two
pump laser frequencies provided that their separation is not much greater than the
Brillouin bandwidth, after which the two pump waves act independently.

Following the model proposed in their paper, both pump waves, separated in
frequency by €2, interact with their corresponding Stokes mode and this is accompanied
by the generation of a pressure wave at the frequency Wo=0,-0s. Besides these direct
interactions are also the cross interactions (i.e. the interactions between pump m and
stokes n, for n =m ). These cross interactions generate two sidebands for the pressure
wave at frequencies wy* Q. The intensities of these two sidebands are shown to be
proportional to 1/(I'2+ Q2 ), and hence when Q >> T, the two sidebands become
negligible compared to the central pressure mode at a). The physical meaning of this is
that when the frequency separation is larger than the SBS linewidth, there are no cross
interactions between the pump and Stokes waves, thus SBS is limited to interactions
between the corresponding modes only. The intensity of the main central pressure wave
is found to be composed of three terms, two corresponding to the direct interactions

and also an oscillating third term due to the wave vector mismatch of the cross
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interactions. This third term can lead to an enhancement or a suppression of the
intensity of this pressure wave ( and hence the SBS gain ) and is determined by the
relative phase between the two optical waves. This term oscillates with a spatial
frequency of nc/Q. Since the characteristic gain length is typically much longer than
this spatial period for the cases that we are considering, this term averages to zero.
Hence, when the frequency separation of the two pump beams is much greater than the
SBS linewidth, each beam interacts only with its corresponding Stokes beam and there
are no cross terms. However, as expected for small values of /1" both direct and cross
interactions contribute to the gain. Modifying the result given by Lichtman et. al. to
encompass the real situation of non equal dual pump beam intensity, the normalised

SBS gain is given by,

Gsingle beam ! ]"2+Q2

(3.20)

where 61 and &) are the normalised beam intensities.

The theoretical and experimental results of Cotter and Shibata are in direct
contradiction with other reported observations that support Lichtman's modelgo, where
the gain of the SBS process is found to be independent of the number of longitudinal
modes present in the pump laser, once the pump laser mode spacing exceeds the
Brillouin linewidth (typically just by a factor of 5) and provided the laser coherence

89-91 " As the reported

length exceeds the characteristic Brillouin gain length
experimental results in Cotter's and Shibata's investigations where made in multi-
kilometer length fibres with dual frequency inputs it is possible that the SBS
suppression reported actually occurred because of competition with another non-linear
effect?, specifically Four Wave Mixing (FW M)93. The SBS process is found to be the
more dominant process in systems where there is feedback ( such as end reflections, or
in a cavity ) as was the case in Lichtman's experiment with relatively short lengths of
fibre. Our own experimental investigations upon the effect of dual frequency pump
beams also support Lichtman's model (cf.§.4.5).

The effects upon the SBS gain of various modulation schemes has also been
extensively studied®**>. As one would expect, the gain decreases for increased
modulation bandwidth. However, examination of the spectrum of the signals

demonstrates that because of the fixed carrier component present in the spectrum of
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frequency shift keying (FSK) and amplitude shift keying (ASK) schemes, the reduction
in gain (with respect to the steady state gain) is limited to a factor of 2 for FSK
modulation and a factor of 4 for ASK (with 100% modulation depth). For the phase
shift keying (PSK) scheme, the gain is minimised when the phase shift is (2n+1)r and
the gain converges to zero as the modulation bandwidth increases. Thus PSK can be

used to suppress undesired SBS effects in longhaul coherent communications systc:msg6

3.2.3 Material considerations.

Writing Eq.3.14 in terms of material characteristics one obtains for the peak

Brillouin gain in solids the following expression97,

G, =(2nn'p, K/c?\.zpovAF) (P/A)L, . @321

where p;, is the elasto-optic coefficient, A is the optical wavelength, and K is a factor
introduced to take into account the polarisation state of the pump. K=1 for identically
polarised pump and Stokes wave along the interaction length, as would be found by
launching linear polarisation in a polarisation preserving fibre. K=1/2 for a completely
scrambled pump and Stokes wave, as one would find in a length of single mode non-

polarisation preserving fibre”®, p

is the pump power and A is the effective core area,
which is slightly different to the actual core area due to the Gaussian nature of the
guided beam. When a fibre is operated near its cut-off frequency, the effective and
actual core areas are nearly equal. For example for a V-number (normalised frequency)
of 2.0 and 2.5, the effective area is larger than the actual area by a factor of 1.47 and
1.10 respectively. There exists a basic trade-off between the length of the interaction
region (and hence also fibre attenuation), the effective area, and the power required for
stimulated emission.

Core materials can be suitably chosen that maximise or minimise the SBS gain. For
example Andrews germanium doped fibre has a gain approximately an order of
magnitude larger than for York LB-600 fused silica fibres, however, it also suffers
permanent damage at high field intensities'%. On the other hand Some of the heavy
metal flouride glasses demonstrate low SBS gain and low attenuation. The halide

glasses with molecules of greatest molecular weight and larger elastic constants tend to
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1, demonstrates a

show lower SBS gains. For example the halide glass, HBLA
reduction in the SBS gain by a factor 4 and an increase in threshold by a factor of 30 at
attenuation of 0.318dB/km when operated at 2.55um, when compared to a silicate fibre
operated at 1.55um with an attenuation of 0.1 14dB/km1°2.

T is found to vary with wavelength as A~2 thus, even though the gain tends to
decrease with longer wavelengths, this decrease is offset by the narrowing Brillouin
linewidth'®. More significantly though, in fused silica, especially at the popular
communication bands of 1.3pum and 1.55um the fibre attenuation is greatly reduced
leading to an increase in the effective length, so we can typically expect a lower SBS
threshold at these wavelengths.

Stolen®® has noted that it may be possible to artificially broaden the intrinsic SBS
gain bandwidth of optical fibres by using suitable dopant materials in the core and
cladding to grade the acoustic velocity across the effective core area. In this manner he .
was able to demonstrate an order of magnitude reduction in the peak Brillouin gain.

The temperature dependence of SBS has also been investigated for quartz and

borosilicate glasses from 1.5 K to 300 K 104,105

. The variation in the phonon lifetimes,
! of the two glasses are very similar, being governed by a broad minimum at
temperatures higher than 80 K ( this minimum, being only 10% lower than the value at
300 K ), due to a thermally activated structural relaxation process, and then increasing
fairly linearly to approximately an order of magnitude higher at 4 K. In crystalline
quartz, the phonon lifetimes vary by several orders of magnitude over the same
temperature range.

In optical fibres, another important criterion to consider is whether the core and
cladding material parameters can lead to the fibre acting as an acoustic waveguide. The
basic criterion that needs to be satisfied to avoid guidance of acoustic waves within the
optical fibre is that the longitudinal acoustic velocity within the core should be greater

than that within the cladding. The discussion of this is deferred to §4.3.
3.3 Competing non-linear effects.

Determining which non-linear processes are active depends upon a number of
factors. The non-linear process with the highest gain is the one that will dominate.

Because of the narrow-band nature of SBS, under narrow-band or long pulse pumping

it often has a gain typically a couple of orders of magnitude larger than the other non-
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linear processes. Under conditions of broad-band, or short pulse pumping the SBS
gain can be dramatically reduced106, as described in §3.2.2 and stimulated Raman
scattering (SRS), which benefits from a broadband pump due to its large bandwidth
(approximately 400 cm-! in fused silica) dominates. SRS generally also benefits from
the suppression of SBS as this often depletes the pump.

Another competing non-linear process is as mentioned in §3.2.2, four wave
mixing. FWM is a non-linear process whereby light of frequency ®, can be generated
by mixing three waves of frequency ®,, ®,, and w, that obey the relationship ©, + ®,
= w; + W, (conservation of energy). ; (j=2,3,4) can be all the same frequency or
different frequencies. The gain of the FWM process can be comparable to that of SBS
in long lengths of fibre. FWM occurs along the entire length of the fibre and depletes
the pump wave(s). If the depletion is significant and the frequency difference between
the two waves much greater than the SBS linewidth, then this would lead to increased
SBS threshold powers. Alternatively, if the SBS threshold is reached before FWM
depletion occurs, then excess power is backscattered and the FWM process is
frustrated. In all-fibre ring resonators where a lasing mechanism is established SBS
becomes the only significant non-linear effect and hence initially SBS is the dominant
effect. In straight lengths of optical fibre pumped with a broadband source or by
pulses, FWM is found to be the dominant non-linearity in short lengths of fibre, but for
longer fibre lengths SRS demonstrates more gain than FwM!?”.

Once well above threshold, it is possible to have a combination of the various non-
linear effects operating simultaneously. For example, if SBS is initially the dominant
effect then the Stokes power can increase to such a level that it acts as a pump for the
next Stokes order, and thus many Stokes orders can be obtained by such cascading.
The presence of multiple frequencies of high intensity can then lead to FWM also
becoming significant and leading to anti-Stokes generation and spectral broadening.
The broad-band of signals generated can now act as a pump source for stimulated
Raman scattering, and so on. In bulk systems self-focusing may also be present,
further complicating the situation. In optical fibres, where the waves are already fairly
tightly confined, the action of self-focussing is unlikely to have any significant effect.
However, the phase matching between of the non-linear processes can be better
controlled in optical fibres by such effects as fibre dispersion or birefringence over long

107,108

interaction lengths . This is more important for FWM, as this requires more
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control to achieve phase matching, whereas stimulated Brillouin and Raman scattering
may be viewed as self phasematching. Intensity dependent refractive index effects,

109,110

such as self phase modulation and Kerr instabilities , can lead to further

modulation of the signals.
3.4 Applications of SBS.

Stimulated Brillouin scattering is often the only possible method for exciting a
strong hypersonic wave within a material, and the frequency shift and linewidth of the
stimulated Brillouin Stokes line can yield valuable information about material
characteristics. The frequency shift is a sensitive function of material composition, and
in optical fibres has been used to provide precise information about the level of dopant
concentration and power dis_tn’bution“l. The frequency shift also enables elastic and
photoelastic constants of the material to be determined' >, The Stokes linewidth,
provides data on scattering loss and attenuation at hypersonic frequencies. This has
proved to be a powerful tool for investigating structural changes within the material
with temperature changcms.

Zel'dovich et. al.'’®

Stokes wave generated by the SBS process is the phase conjugate of the pump wave.

, were the first to demonstrate that under certain conditions the

Phase conjugation (or wave front reversal) in multimode waveguide structures was
found to require small amounts of added aberration to produce better fidelity of the
phase conjugated beam. Fidelity is the term used to describe the accuracy of the wave
front reversal, and can be defined as the fraction of the backscattered light that is
diffraction limited after passing twice through an aberrator. Phase conjugation opens up
many applications for SBS, and has been used successfully to combine the output of
several laser amplifiers, as well as correcting for the phase distortions due to the

inhomogeneities within the amplifiers“6‘117

. Since the phase of the scattered
(reflected) light in SBS has no temporal reference, the phase difference between
conjugated beams from different interaction volumes will be random. This can be
avoided by utilising the same interaction volume or, by backinjection of a Stokes
seed''®. We can consider that the scattering by SBS makes the active material act as a
Brillouin mirror. The directionality, high reflectivity and threshold nature of the effect
have also been used to isolate the output of laser amplifiers from the master laser

oscillators, and this has been particularly beneficial for the study of laser mediated
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thermonuclear fusion!'®. The major disadvantage of phase conjugation via SBS is the
frequency shift of the Stokes, which can cause problems for narrowband laser
amplifiers or transmission over long distances. Another non-linear process that can be
used for phase conjugation is four wave mixing.

Olsson and van der Ziel were the first to show that the SBS process can be utilised

to make in-line fibre ampliﬁersuo. The narrowband nature of SBS can be put to
advantage by using it to selectively amplify the carrier prior to photodetection and allow

quantum limited detection, or to allow channel selection in densely packed wavelength

121,122

division multiplexed systems . The bandwidth of the gain can be artificially

expanded by the addition of suitable dopant gradients or by dithering the pump

frequency123.

If the length of the interacticn region is finite then strong relaxation oscillations of

the the pump and Stokes frequency, that decay down to the steady state value are found

to occur' 24, The pefiod of the oscillations is equal to the rvou.ndAtrip time of the
interaction region. This is because strong depletion of the pump by the Stokes wave
chokes off the generation of more SBS. The relaxation oscillations occur at a period
equal to the roundtrip time through the fibre, as this is the time required for the Stokes
to completely sweep through the interaction region. Full analysis of this effect requires
the use of the coupled SBS Egs. 3.9 to 3.11, which shows that relaxation and steady

oscillations are also found to occur whenever there is external feedback of the Stokes

WaVCIZS.

In fibre ring resonators pumped with cw light such relaxation oscillations have been
shown to lead the generation of periodic trains of short pulses66'125. This can be
attributed to phase synchronisation (mode locking) of the longitudinal modes in the first
order Stokes components that fall under the Brillouin gain bandwidth by the
oscillations. This can cause problems in the operation of fibre ring Brillouin lasers, as
the output can become spontaneously noisy, because of the mode-locking. The best
way to avoid this is to ensure that the cavity length of the ring resonator is such that
only one cavity mode overlaps with the SBS gain bandwidth.

Phase conjugated pulse compression and pulse shaping by means of SBS with high

126 The interaction region should be

efficiencies has also been demonstrated
approximately half the input pulse length, then the incident pump energy is swept up
and turned around within a distance equal to the thickness of the bulk grating SBS
mirror, which is the leading edge of the phonon envelope that sweeps backward at the

speed c/n. In such a fashion a 20ns pulse has been compressed to a 2ns pulse.
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Chapter 4

EFFECTS OF STIMULATED BRILLOUIN SCATTERING
ON THE PERFORMANCE OF POLARISATION
MAINTAINING ALL-FIBRE RING RESONATORS

The all fibre ring resonator can be used to form an interferometric sensor of any
parameter (such as pressure or temperature) that affects the propagation constants of the
light guided within the fibre cavity. The response of the device can be optimised by
adjusting several resonator parameters. The sensitivity of the device to a particular
measurand can be increased by applying suitable coatings to the fibre loop127. Lower
fibre optic component losses and hence higher resonator finesse values, can greatly
enhance the resonators phase sensitivity, and longer cavity loop lengths can improve
the scale factor between this loop phase and the measurand. High launch powers are
also desirable, in order to reduce shot noise and hence maximise signal to noise ratios.

Developments in optical fibre technology have already led to the realisation of high
finesse fibre ring resonators. We have reported upon resonators made with 633nm
polarisation maintaining fibre with a finesse of 600", and have also fabricated a single
mode (633nm, non-polarisation preserving) fibre resonator with a finesse of 1000. It
seems likely that these values will readily be surpassed in the near future.

Most sensor applications require the ring resonator to behave in a passive manner.
Thus, the onset of optical non-linear phenomena can place an upper limit upon the
allowable increases in resonator loop length, finesse and input power. The principal
non-linearity in coherent fibre systems with feedback is as outlined in Chapter 3,
stimulated Brillouin scattering (SBS). The onset of SBS in ring resonators can occur at

relatively low input powers. In high finesse polarisation maintaining optical fibre ring
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resonators (PMRRs) the threshold input pump power levels for SBS are greatly
reduced for three main reasons. First, the ring resonator geometry affords a significant
circulating pump power enhancement factor. Second, the polarisation maintaining
nature of the fibre ensures that both the pump wave and the scattered wave have the
same polarisation state, thus maximising the SBS gain factor. Third, because of the low
loss nature of the device the round trip non-linear gain need be only a few percent.
Circulating loop powers can thus often be above SBS threshold, even for very low
input powers.

Previously with moderate finesse and loop length combinations, the limitation upon
the maximum allowable input power was not too unreasonable. However, with input
SBS threshold levels now in the uW level for state of the art fibre resonators' >, the
effects of the onset of SBS upon the transmission characteristics of the fibre ring
resonator need to be investigated. This chapter presents a detailed theoretical and
experimental study of these effects. The dependence of the SBS process upon resonator
parameters, such as coupling constant and loop length is investigated, and the effects of
fibre parameters also discussed. Solutions to suppress SBS in ring resonators are then

investigated, with a view to increasing the regime of passive operation of the device.
4.1 SBS Depletion Effects in Ring Resonators.

Coherent operation of the passive ring resonator leads to a very versatile and
sensitive device. However, once the threshold for stimulated Brillouin scattering within
the all-fibre ring resonator is exceeded, the resonator is no longer passive and one may
consider the device as a stimulated Brillouin ring laser, being pumped by the input
wave and lasing at the Stokes frequency. The consequent depletion of the input wave
(pump) via the SBS process leads to the transmission characteristics of the device being
altered. The nature of these variations is investigated in this section.

From Fig. 4.1, we can see that in propagating through the fibre loop of length L,
the pump wave input at port (1), suffers a linear fibre attenuation given by exp(-2a.,L)
and an additional attenuation given by exp(-gPgL/A) (from Eqgs.3.12 and 3.13) due to
depletion via the generation of SBS in the opposite direction. The backward scattered
Brillouin frequency shifted wave is amplified by a factor given from Eq.3.17, by
exp(gP.L/A), where P_ is the circulating pump power. A small fraction of the
backwards travelling Stokes wave is tapped out at port (1) and adds coherently on each

-69-



BEAMSPLITTER DIRECTIONAL
COUPLER

P.
i PM FIBRE
LASER_[I__/_——> G)\J@ N
—e
HALF ' s ( 7 But
WAVEPLATE @ 9
|
I
SCANNING
FABRY-PEROT Sl:)S WAVE \__J
L _C,_S_> \
-+
PC
PZT

Figure 4.1 Experimental schematic for monitoring SBS in a PMRR. PZT, piezoelectric transducer;
P ¢, circulating Stokes power; P;, input pump power; Py, Stokes power; P, circulating pump power.

circulation to give an output power from port (1).

In order to estimate the enhancement of the circulating pump power to the input
power, in the absence of non-linear effects, we refer back to Eq.2.31, and recall that
the second term of this equation represents the component of the circulating intensity
that is coupled out at port 4. The case of an isotropic PM coupler with perfect

projection, e, of an input wave onto one of the resonator eigenstates yields

e=1/ (1-9(1-x,), where 7y and K, are the isotropic coupler intensity loss and resonant

coupling constant respectively. Thus the enhancement of the circulating power at

resonance over the input is given by,

(I=x) @D

Also for x, near unity, Eq.2.37 can be easily approximated by letting

sin[ (1—1(,)/21/?;] = (I—K,YZ.JE. The finesse can then be written as,

4.2)
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Now, for high finesse devices, since Y, is small and x” L

4.2 yields the desired result,

, combining Egs. 4.1 and

4.3)

Eq.4.3 demonstrates that for high finesse values the enhancement of the circulating

pump power over that of the input pump power is correspondingly large.

4.1.1 Saturation of Circulating Pump Power.

For the condition of neghglblc pump-power dep;etion via the SBS process, the
threshold value for the circulating power Pc th occurs when the SBS gam is equal to the
loop losses and is obtained when the product of the roundtrip gain, exp(gP¢ nLefi/A)

and the transmission ( 1 - ¥, )x; exp(-2a.,L) round the loop is unityus. Thus,
(1 - ¥, Ixp.exp(-20,L).exp(gPe hlefi/A) = 1 4.4

To good approximation we have 1-y, ~ e-¥0 and 1-2a, L ~ e-200L (therefore from

Eq.3.18, Legr ~ L), and the threshold for the circulating pump power is found to be,

2AT
Pen= L(Yo+2 %L~ TF (4.5)

Combining Eq.4.5 with 4.3 gives the threshold input pump power,

2
2A T
Pin= == (4.6)
1,t gL F2

This equation demonstrates that the SBS threshold is strongly influenced by the
resonator finesse and that in high finesse ring resonators, the threshold for the onset of
SBS can occur at the pW input pump level. For example in a 10m loop length resonator

with a finesse of 200, fibre core diameter of Sum and an SBS gain of 42x10"M mw,
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the input threshold from Eq.4.6 is found to be 46uW. This low threshold level is
readily surpassed in most systems.

Eq.4.4 also gives the maximum steady state level of circulating pump power in the
ring. If the circulating pump power level is greater than the threshold value, the product
exceeds unity and more SBS is generated and the pump further depleted, essentially
experiencing an additional loss in power level. Therefore the recirculating pump power
remains constant for increase of input power, but the generated SBS power increases.
Hence, the depletion effect of the SBS process saturates the circulating pump power to
the circulating pump threshold level and Eq.4.3 is no longer valid.

The generation of the backscattered Stokes wave (and hence the depletion of the
pump wave), is transient in nature during the resonance buildup of the circulating
powers. This situation can be modelled on a computer, by considering the loop transit
by transit build-up of the circulating pump power, the corresponding generation of
Stokeé poWer ahd thé éoﬁsequéni pimip depletion. The goveming eqﬁatiohs fof the |

output Stokes level, Psn_ . and the circulating pump power Pcn after n transits are,

Ps(n),y™ Psn-1)(1=1¥X1—%Jexp(=2 0, L)exp(ELP(,/A) 4.7
Py = [, (1-10 (1-1) P+ By 610 P2 “8)
P c(n) dep= P c(n)exp(—gLP S(n—l)/ A ——2a0L) (4.9)

Eq.4.7 represents the output component of the circulating Stokes wave. Eq.4.8 is the
pump amplitude at port 3 at resonance, where use is made of the fact that at resonance
the field amplitudes within the ring can simply be added. Eq.4.9 is the single transit
attenuation (linear and non-linear) experienced by the pump once it reaches port 2.

Fig. 4.2 illustrates the transient build up of the pump and Stokes waves, for a step
function input. The response is modelled for a 1m PM resonator, with coupler intensity
loss of ¥=0.008, fibre attenuation of 8.5dB (F=308), SBS gain g=4.2x10-11mW ! and
core area 1.49x10-11m2, when an input pump power of 208uW is launched. Curve
4.2(a) represents the build-up in circulating pump power when the effects of SBS
depletion are not taken into account, demonstrating that approximately 21mW of steady
state circulating pump power would be expected. However, curve 4.2(b) demonstrates

that when SBS depletion effects are taken into account, the circulating pump power is
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Figure 4.2 Theoretical transient build-up of circulating (a) pump intensity when SBS depletion not
taken into account, (b) SBS depletion taken into account and, (c) corresponding Stokes intensity, for an
input pump intensity of 208uW

clamped to the threshold level. The transient damped oscillations about the final
steadystate value are found to be dependent upon the input pump level, the SBS gain
and losses of the ring resonator. The larger the product of input pump and SBS gain the
shorter the transient response time. For low input pump-SBS gain products, the
circulating pump intensity can reach the non SBS depleted steady state circulating
intensity, and remain at this level for many hundreds of loop circulations, before the
Stokes power is built up to a sufficient level to begin to significantly depleting the pump
and a transient response similar to the one shown follows. This increased transient
response time of the SBS depleted resonator as compared to the non SBS depleted
resonator, naturally increases the necessary integration time required to obtain a steady
state response from the resonator. Curve 4.2(c) demonstrates the corresponding
circulating Stokes wave generated for the SBS depleted resonator. Again, it
demonstrates a similar transient build-up to that shown by the pump. Note, that the
peak in this transient is greater than the steady state value and occurs when the depleted
circulating pump first reaches the SBS threshold level. This transient peak cannot be
maintained and it settles down to its steady state value. The sum of the SBS depleted
circulating pump and Stokes waves do not equal that of the non-SBS depleted pump
since modulation depth of the resonator is no longer 100% (as shown in the next

section), and some of the pump exits the resonator at port (1). The system of Eqs.4.7-
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Figure 4.3 Theoretically detected Stokes level at output of 1m resonator, F=314, for (a) the slow axis.
A=0.855x10"11m2 and (b) the fast axis, A=1.49x10"11m2, as a function of input pump power.
g=4.2x10"1mw-1.

4.9 were found to be relatively insensitive (compared to the other parameters) to the
initiating Stokes noise level, Pg(q), provided it was below 10nW. For higher initial
Stokes levels the device demonstrated the expected amplifier type response.

Within the type of York 633nm Bow-Tie polarisation maintaining fibre investigated
the core was found to be slightly elliptical and the diameters of the fast and slow axes
are 4.36pum and 3.3um respectively (cf: table 2.2). This indicates that SBS threshold
levels for each axis would be expected to be different. Fig. 4.3 shows the threshold
nature of the SBS response by plotting the Stokes output power for the resonator of
Fig. 4.2 as the input pump power is scanned. The expected response for each
polarisation axes is shown and the PM coupler anisotropy parameter h, is assumed to
equal 0 dB (although, this generally is not the case), to demonstrate the difference in
threshold. The conversion efficiency of the SBS process can also be seen to saturate at
higher pump powers.

The optimum loop length for maximising the generation of SBS within the ring can
be shown to occur once the linear attenuation of the length of fibre in the loop 20t Ly,

128

is equal to the coupler intensity loss v, . Fig. 4.4, is a plot of the SBS input pump

threshold for v,=0.008 and y,=0.02, obtained from the set of Eqs 4.7-4.9. For loop
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Figure 4.4 Theoretical threshold input pump power as a function of resonator loop length L, with fibre
attenuation 8.5dB/km for coupler losses of 0.8% and 2%.

lengths shorter than the optimum, the finesse (and hence P.) remain roughly constant,
being dominated by the coupler losses, while the interaction region decreases, causing
the threshold power to rise rapidly. For loop lengths longer than optimum, the finesse
(and P,) decreases, but this is offset by the increase in the interaction region. Hence it is
seen to be generally better to chooses loop lengths longer than the optimum, so that the
tolerances required in controlling the loop length during fabrication of the ring resonator
can be relaxed.

The increase in the level of Stokes power generated, with input pump power,
continues until the limit that the level of backwards travelling SBS itself exceeds the
SBS threshold level and in turn generates secondary SBS that travels in the same
direction as the original pump power. The secondary SBS will be frequency shifted
from the original pump by twice the Stokes frequency.

4.1.2. Dependence of Ring Resonator Performance Characteristics upon

Resonator Coupling Constant.

The implications of the saturation of the circulating pump power due to SBS in the

ring, are intensity dependent variations in the performance characteristics of the device.
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The generation of SBS in the ring can be considered as an intensity dependent loss, and
the effect of this loss upon the performance characteristic of the resonator depends upon
whether the intensity coupling constant is optimised at each new input power or
whether it is optimised either at powers above or below SBS threshold and then fixed.
When the resonator coupling constant is adjusted to compensate for the total
roundtrip loss, for an input pump power above SBS threshold, then the finesse

observed at this input power can be found from Eq.4.3 and is given by,

nPc,th
Fe—"

1

(4.10)

where the circulating pump is now clamped to the threshold level. The inverse
relationship between the finesse and input power shows how the measured finesse of

“the device deteriorates rapidly with increases in input powers above the SBS input
threshold.

For the case of a fixed coupling constant, both the measured finesse and modulation
depth of the device are altered with variations in input power, and this is a direct
consequence of the circulating pump power being maintained at the threshold level.

For a general value of intensity coupling constant K, the circulating and output

powers for an isotropic PMRR, with only one eigenstate excited can be shown to besz,

E; 2= (1-y,)(1-x) o
Bl g2+ 4l’<sin2(p_21-’ + ﬂ :
E,? (I_Yo)l_('("f()z/lc + 41'<sin2(§-21" .,._74‘)]
Bl 4.12
B (k)% + 41'<sin2(£21-’ +‘l:) (4.12)

where X =k!2(1-y,)!%exp(-aiL) and « is the ( linear, 0,5, and non-linear, gPgL/A )
pump transmission loss through the fibre.
Now, at resonance the output will be non-zero and the maximum circulating power

within the loop is given from Eq.4.11 by,
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P -1(1-K)

F
max (1-K)°

E,

(4.13)

Following the analysis in §2.2.2, by equating Eq.4.11 with %[E:;/Elﬁm to
determine the resonator linewidth, one obtains an equation for the finesse exactly the

same as Eq.4.2 except that k; is replaced by X,

ALY (4.14)

1-x

Re-writing Eq.4.14 as a quadratic of X, and noting that K < 1, we can determine the
value of .
The modulation depth, ¢, of the resonator response is defined as the percentage

reduction in output level at resonance, as compared to the output level off resonance.

Hence from Eq.4.12 we can derive that the modulation depth is given by,

[ (xk-%)?]
={1———2_ {x 100%
G i x(1-f<)2fx 4.15)

Now, since X is known, we can determine the value of k by re-writing Eq.4.15 as
a quadratic in terms of K. Hence, at powers below the SBS threshold, if o, is known,
one can determine the value of the coupler intensity loss Y, by measuring the finesse
and modulation depth. Then once the circulating power is above the SBS threshold
level one can determine the non-linear attenuation of the pump, gPL/A.

The expected variations in Stokes output, measured finesse and modulation depth
with input power can be calculated with the aid of Eqs.4.7-4.9 and Eq.4.14 and
Eq.4.15. The case for the coupling constant optimised at powers below and above SBS
threshold is illustrated in Fig. 4.5. Optimising the coupling constant at pump powers
below SBS threshold, is found to lead to the lowest threshold level. However,
optimising the coupling constant at pump powers above SBS threshold, whilst

increasing the SBS threshold level, is found to lead to enhanced output Stokes levels.
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Figure 4.5 Variation in output Stokes level, finesse, and modulation depth, in a Im PMRR with
¥=0.008 and in column (a) coupling constant, k=0.99 optimised below threshold and in column (b)
k=0.985 optimised above threshold. Other parameters same as those used in Fig. 4.2.
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This can be understood by reference to the theoretical plots on the variation in measured
finesse and modulation depth. For both cases, the measured finesse is deteriorated once
threshold is exceeded. However, whilst the modulation depth for the first case simply
decreases above threshold, for the latter case it actually increases until the loop losses
(linear and non-linear) equal the coupling into the loop. Thus, the enhancement of the
input pump is improved, and hence the generated Stokes power is increased.

It should be noted that Eq.4.10 is valid only as a first approximation. This is
because the non-linear attenuation has implicitly been assumed to be constant for all
values of loop phase. However, the circulating pump power decreases as we move
away from the resonance dip along the resonance curve and hence the non-linear
attenuation is not actually constant. This variation in the Stokes power generated with
loop phase is shown in Fig.4.6 (of the experimental section), which represents the
Stokes power detected at port 1 as the resonance dip is sinusoidally scanned. In the
extreme of high SBS gain there is effectively clipping of the resonance dip, and
Eq.4.10 breaks down. However, in the range of pumping employed in the
experimental investigations of §.4.2, Eq.4.10 was found to hold quite well. The exact
response of the ring resonator to SBS depletion is easily obtained from the set of
Eqs.4.7-4.9 slightly modified to take into account loop phase.

4.1.3. Optimum Beamsplitter Ratio.

The choice of splitting ratio of the beamsplitter shown in Fig.4.1, placed at the
pump input end of the resonator presents a trade-off between the transmitted input
pump power (and hence the amount of Stokes power generated within the ring) and the
amount of Stokes power tapped off by the beamsplitter to be detected. From Fig. 4.3,
at pump powers outside the saturation regime, the output Stokes level can be seen to be
approximated by a straight line with gradient m and crossing the x-axis at the threshold
power. If we assume a pump input to the beamsplitter of Ij,, and a beamsplitter
transmission of T and a reflection of 1-T, then the Stokes power tapped off by the
beamsplitter can readily be shown to be given by (I;,mT-I;,)(1-T). Differentiating this

with respect to T to find the minimum yields,

1 Iy
Topt = 'i + ﬁ 4.16)

i1
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Eq.4.16 which is valid only for I;; T > Iy, suggests that if the input power is
expected to be much higher than the threshold power, the splitting ratio should be 50:50

to maximise the amount of tapped Stokes wave.

4.2, Experimental Investigation of SBS Depletion Effects.

4.2.1 Experimental Set-up.

Several ring resonators made of York Bow-Tie 633nm polarisation maintaining
fibre were investigated including the 1m loop length device with a demonstrated finesse
of better than 600, and the 4.15m loop length device with a finesse of 250 investigated
in Chapter 2. The fibre used had a quoted attenuation of 8.5 dB/Km at this wavelength,
and refractive index and core diameter parameters as given in table 2.2,

~ The experimental schematic of Fig. 4.1 was used to investigate SBS lasing in the
PMRRs. The source used to characterise the resonator was a single frequency stabilized
HeNe laser (A=0.6328um). The output power of the device was specified as 0.8mW.
The HeNe tube used actually has an output power of SmW and has 2-3 longitudinal
modes separated by 650MHz under its gain curve. By making use of the fact that the
polarisation states of alternate longitudinal modes in a HeNe laser are linear and
orthogonal, a polariser can be used to filter out only one longitudinal mode. The
frequency of this mode is stabilised by monitoring either the ratio of the power in the
orthogonal polarisation modes or by monitoring the absolute power level of the chosen
lasing mode. Feedback can then be achieved by controlling the laser temperature (and
hence cavity length) by means of a heating coil. By slightly modifying the output optics
of the HeNe laser and adjusting the feedback electronics to ensure that the desired
lasing mode falls under the peak of the HeNe lasing gain curve it is possible to almost
double the specified output power to 1.5SmW, whilst still ensuring stabilised single
frequency operation. This modification gave an output power level, higher than any
commercially available stabilised single frequency HeNe lasers. It may be possible to
achieve higher single frequency powers by using longer HeNe tubes with much higher
gain, and consequently more longitudinal modes. The two neighbouring lasing modes
under the peak of the gain curve can then be selected by means of a Fabry-Perot etalon
and the laser stabilised in the same fashion as above. Stabilised single frequency output
powers of up to 10mW may be achievable with this technique.

A length of the resonator fibre was wrapped around a PZT cylinder and a low rate
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Figure 4.8 Level of SBS output power detected for F values (maximised at low powers) of (1) 330 and
(2) 300, with input pump launched along fast axis.

difference in frequency for the dual SBS peaks, of 200MHz generated by pumping
along the fast axis or along the slow axis, is a measure of the difference in stress,
refractive index and core diameter along each fibre axis. To first order, assuming that
the effect of guided acoustic modes can be ignored and that this frequency difference is
only due to a difference in refractive index, then this result indicates a refractive index
difference between the fast and slow axis of 0.01, which is at least an order of
magnitude too large for the York Bow-Tie (HB600-1) fibre used. Hence, a significant
proportion of the effect is due to the difference in stress and core diameters of the two
fibre axis.

The SBS levels measured on the Fabry-Perot where calibrated by comparison with
the 4% far endface Fresnel reflection of the pump power. Fig.4.8 clearly demonstrates
the threshold nature of the SBS response and its dependence upon resonator finesse,
for the Im PMRR. The SBS threshold for the resonator with a finesse of 330 is
observed to be as low as 654 W, and this is found to be in excellent agreement with the
result predicted for a PMRR by Eq.4.6, with g=4.2x10"!mW-! and launch along the
fast axis. With the coupling constant fixed to the values optimised at powers below
SBS threshold, a reduction in measured finesse from F=300 to F=210 ,was observed
for an increase in input power from 60uW to 220pW as shown in curve (2) in
Fig.(4.8).
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Figure 4.9 Observed variations in measured finesse (open circles) and modulation depth (filled circles)
~with input power, for a fixed coupling constant optimised at low powers, in a 3m PMRR. Solid lines
represent theoretically expected curves.

Fig.4.9 is a plot of the observed variations in measured finesse and modulation depth,
for a 3m PMRR with its coupling constant optimised at low input powers. The solid
lines represent the theoretical curves expected for launch along the fast axis, with
perfectly resonant coupling. The drift in the orthogonal resonant polarisation eigenmode
was not stabilised during the measurement of these results, and this led to the
discrepancy between the observed and predicted modulation depths. The effect of this
polarisation drift upon the finesse was as expected quite small, and these measurements
match quite well with the expected variation with input pump.

The finesse value was optimised at an input power below the SBS threshold to
F=360 along the slow axis, for the Im PMRR. The input power was then increased
and the coupling constant re-adjusted to account for the additional loss due to SBS at
each new input power. The theoretical threshold is 81uW. The measured finesse value,
as shown in Fig.4.10 was observed to be degraded to F=240 at Pj=140uW and to
F=160 at P;=195uW, which is in good agreement with the degradation expected from
Eq.4.10, (shown above threshold as the solid line in Fig.4.10).

The difference in threshold expected due to the difference in core diameter along
each fibre axis is not directly observable as the PM coupler is slightly anisotropic. By

measuring the finesse, modulation depth and input pump power at threshold for each

eigenstate, and then using Eqgs.4.14 and 4.15 to determine the values of k, x and 7o,
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Figure 4.10 Obscrved variation in the measured finesse with input power, with the coupling constant
re-adjusted at each input power for optimum resonance. Solid line corresponds to theory.

the circulating pump power can be determined from Eq.4.13, and differences in
threshold noted. The result is still fairly ambiguous as it is dependent upon the coupler
loss for each axis, and we can only determine the combined effect of both the
differences in core diameter and coupler intensity loss for each axis. However, by
taking the ratio of Eq.4.5 for the fast and slow axis, we can obtain a rough
approximation to the ratio of the effective areas for each fibre axis. For example in the
3m PMRR, for a particular PM coupler adjustment, the fast axis had a finesse of 93 and
a modulation depth of 99%, and input threshold of 143uW. The slow axis had a
finesse of 127, a modulation depth of 89% and an input threshold of 130uW.
Following the procedure just outlined, the coupler intensity loss for the fast and slow
axis at this PM coupler adjustment, is found to be 0.0224 and 0.0271 respectively.
This yields, to first order, a ratio between the effective areas along the fast and slow

axis of 1.35, which is in good agreement with the data of table 2.2.

4.2.3. Loop Length Control Electronics.

Active length stabilisation techniques are required to keep the device at resonance in

order to counteract the random environmentally induced phase perturbations, and
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Figure 4.11 Block diagram of 'adjustable lock' loop length stabilisation technique.

maximise the circulating pump intensity. Two methods, which we call the adjustable
lock and second harmonic technique were utilised to this end.

In both techniques, the detected output is sent via the feedback electronics to the
PZT which is used to adjust the loop length. In the adjustable lock technique shown in
Fig.4.11 the dips in the resonator response are assumed to be linear and the detected
output is compared to a fixed level which gives the error signal to be supplied to the
PZT. The lock-in position on the resonator dip can therefore be determined by the value
of the variable DC comparator input. The integrator essentially limits the closed loop
response to low frequencies, countering thermal drifts and the amplifier simply serves
to suitably scale the error signal supplied to the PZT. Lock positions very close to the
resonator dip can be obtained with this technique and the effects of different circulating
powers can be investigated. When the resonator is not locked this method automatically
scans the response until lock is achieved. The disadvantages of this system is that lock
cannot be maintained at the minimum of the dip and the lock position is sensitive to the
launch power of the system.

The second harmonic lock-in system is able to lock onto the resonator minimum at
the cost of added complexity. The technique relies upon the fact that about the 2mT
operating point the resonator response is approximately parabolic and hence the
gradient of the response is a linear function of loop phase. When a small low frequency
ac phase variation is applied to the loop, the response of the resonator will contain
different amounts of the fundamental signal component, the amplitude of which

determines the position on either side of the resonator dip and the phase of which
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Figure 4.12 Schematic of second harmonic lock-in technique.

determines the sign of the error signal required. The magnitude of the error signal is
obtained by simply mixing down the fundamental harmonic component in these
waveforms to dc, about the resonance dip the first harmonic content is minimised and
the output looks like a full rectified version of the input signal, with the second
harmonic content maximised. Fig.4.12 shows the schematic of the second harmonic
lock system. The system has two inputs and one output. The input from the
photodetector is passed through a buffer-amplifier, which is used to determine the loop
gain, and then through an RC high pass filter in order make the system independent of
launch powers. The mixer output is passed through the integrator as before and then to
the summer, where the suitably scaled ac signal is added, as well as a variable dc
voltage. This variable voltage is used to get the resonator back on lock, since if the loop
phase is not such that the response is on the dip the system will not have an error
signal, and lock has to be initiated manually. Due to noise considerations one would
ideally prefer to have the small ac signal applied to the resonator via a different PZT to
the one used for the loop stabilisation, however due to the relatively short lengths of the
resonators investigated (<5m) this was not possible. For the 3m ring resonator with
1.7m of fibre wrapped around the PZT, the integrators +/- 15V output swing allows
+/- 6T rad compensation to thermal drifts. This was sufficient under laboratory
conditions to maintain lock with both techniques for over 20mins, provided care is
taken to try and minimise the polarisation instability described in Chapter 2.

Fig. 4.13 is a photograph of the 4.15m resonator locked onto resonance. The
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possibility of effects (1) or (2) explaining the dual SBS peaks observed in Fig.4.7. The
fact that both SBS peaks do not resonate simultaneously, and that the major
concentration of pump power is in the core (whilst the SBS peaks were observed to
have the same intensity) negates the possibility of effect (3) explaining the dual peaks.
The possibility of effect (4) is negated by the fact that the Stokes waves generated lie
outside the gain bandwidth of the HeNe laser cavity. Seeding effects of the second
orthogonal HeNe laser mode as in effect (5) are also improbable in our experiments
because of the low level of this mode, the frequency selectivity of the PMRR and the
fact that both SBS peaks were observed to have the same polarisation as the main
pump. This finally leaves the most probable explanation of the observed dual peaks as
being due to effect (6), the acoustic guidance nature of the fibre.

The approximate composition of the 633nm York HiBi fibre used is as follows'?.
'The core is made of SiO, doped with 6mol% GeO, and has an effective diameter of
3.3um for the slow axis and 4.36um for the fast; Thé éladding is ‘Si(-)z. With
approximately 0.25mol% F and 0.75mol% P,O5 dopant. Since the guided optical field
does not extend far beyond the core, the composition of the highly doped stress-
inducing bow regions is not relevant. This gives a core density, p,, of 2288g/cm2, a
longitudinal acoustic velocity, Vi i, of 5679ms™}, and a shear acoustic velocity, Vgi of
3590ms~1- The cladding density,p,, longitudinal acoustic velocity, V5, and shear
acoustic velocity, Vg, are approximately the same as that of pure SiO,, ie, 2202g/cm?2,
5944ms-! and 3749ms’! respectivelyl30. This case can be approximated to first order
by a recent analysis presented by Jen, et. al.131'133, which was successfully used to
interpret the experimental results of Shibata ez. al.®® Jen et. al. investigated the
acoustic properties of an optical fibre with Vi 1<Vy4, p;=p,, and Vg;=~Vgs. Such a
fibre is found to support longitudinal acoustic modes Ly, p, governed by the same
mathematical formulation as that used to describe weakly guided linearly polarised
optical LPy, ,, modes, in a step index fibre'>, The shape of the SBS gain curve is now
determined by the interaction between the optical pump and the guided acoustic modes.
By considering the overlap integral between the electromagnetic HE;; mode and the
guided acoustic modes, only the pair of longitudinal acoustic modes Lg i, and L, p,, are
found to give rise to Brillouin gain, and these thus primarily determine the shape and
bandwidth of the SBS gain. The longitudinal Ly; mode has zero cut-off frequency, and
the longitudinal modes Lg 41 and Ly 1, (m>1) have equal cut-off frequencies. This

last pair of modes have a similar dispersion curve and to good approximation we need
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consider only the dispersion curve of the L ,, modes. The dispersion equation for the

I 134
Lo,m modes is given by ~,

ULU) WKiW)
L0 KWy

0 4.17)

where J and K are Bessel and modified Bessel functions respectively, and

1 1 1/2
U= “’a(— - 'E) (4.18)

4.19)

where w=2nF (F=acoustic frequency), a is the core radius, and v; ; and v} , are the
phase velocities of the core and cladding. Following the treatment given, we can
calculate the relationship between the acoustic phase velocity and the normalised
frequency, given by the product of the sound frequency and the core radius. Fig.4.14
is a plot of the dispersion curve calculated using the above analysis for the York Bow-
Tie fibre used in the PMRRs. The relationship between the acoustic velocity v, and the
SBS frequency shift is v=(A/2na)(Fa). The factor of 2 takes into account that for
efficient opto-acoustic coupling the acoustic propagation constant should be twice the
optical propagation constant. The two curves in Fig.4.14 are drawn according to this
relation for n=1.465, A=633nm, and a core radius of 2.18uW along the fast axis and
1.65uW along the slow axis. The filled circles represent the data points corresponding
to the slow axis (SBS frequency shifts of 26.52GHz and 27.05GHz), and the open
circles to the fast axis (SBS frequency shifts of 26.32GHz and 26.85GHz).

The FSR of the 4.16m PMRR is 48MHz, so one would expect the resonator to be
able to resonate near all the peaks in the SBS gain generated by the interaction with the
guided longitudinal modes. However, the experimental results and the calculated
response using Eq.4.17 appear only to be approximately correlated. The analysis
predicts 3 SBS peaks to be observed along the slow axis and 4 along the fast axis. The

intensity of the Ly ;, modes is expected to decrease for increasing m, as these modes
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Figure 4.14 Phase velocity dispersion curves of Ly, modes calculated from Eq.4.17, and
experimentally observed phase velocities measured from Brillouin shifts detected at output of PMRR.

are not as well confined within the core as the lower order modes. The experimental
results fall within the boundary set by the core and cladding longitudinal acoustic
velocities, and show the expected downward trend in phase velocity with increasing
normalised frequency. The discrepancy between the analysis and the experimental
results, is most likely due to the stringency required in meeting the assumptions that
p1=pP,. and Vg1=Vg). The analysis of Eq.4.17 can therefore only be expected to give a
general trend for the York Bow-Tie fibre used. A more detailed analysis of these
variations should be the subject of future work. It should be noted that Fujikura Panda
fibre also has a Ge-doped SiO; core and SiO; cladding, and is also expected to guide

acoustic waves.
4.4 Effects of SBS Depletion Upon PMRR Operation.

The depletion effects and guided acoustic wave effects described above have
serious consequences upon the performance characteristics of the PMRR. The main
results also apply in general to the ordinary single mode fibre ring resonators as well,
the principal difference being that the SBS gain is halved and there are no significant

variations in core radius, with fibre axis.
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The variations in finesse and modulation depth of the ring resonator with input
pump, lead to large scale factor and dynamic range variations which would be
unacceptable for most sensor applications. The modulations in the dynamic response of
the resonator over many hundreds of cycles also increases the required system
integration time, and competition near threshold leads to excess noise via the Kerr
effect, and this is still an open research issue. Therefore, in general, if the maximum
finesse/modulation depth combination is to be obtained from the resonator then the
input pump power has to be limited to below threshold levels, with the consequent
increase in shot noise. The intensity dependent SBS depletion of the pump also leads to
the interesting observation of the fibre resonator having a non-reciprocal finesse and
modulation depth, when the input pump powers in each direction are different (and at
least one of them above SBS threshold). This could lead to scale factor and sensitivity
problems in resonator fibre optic gyroscopes, if the splitting ratios of the input coupler
launching light into each direction varies over time.

In PMRRs the situation is further complicated by the drift in the resonator
eigenstates with loop phase. This leads to a drift in the circulating pump power whose
variation with loop phase is similar to the variation in transmitted intensity (except that
the intensity transmission minima become circulating intensity maxima). The circulating
pump power variation can be obtained by plotting only the last three terms of Eq.2.26.
The stabilisation schemes outlined in §2.3.3 can be used to reduce the drift in the
resonator eigenstates. The occurrence of SBS depletion effects are therefore seen as
disadvantages in resonator sensor systems, and if greater use is to be made of state of
the art fibre resonators, with their even lower SBS lasing thresholds, then techniques to

suppress SBS need to be investigated, and these are considered in the next section.

4.5 Methods for Suppressing Stimulated Brillouin Scattering in Ring
Resonators.

In attempting to suppress the onset of SBS lasing in fibre ring resonators, the
problem needs to be approached on two levels. First the fibres material characteristics
need to be optimised to increase the SBS threshold. Secondly, schemes compatible
with ring resonator operation need to be developed to reduce the SBS lasing thresholds.
The material considerations that need to be taken into account have already been

outlined in §.3.2.3. In this section the fibre parameters that can be optimised to reduce
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SBS are first discussed, and then two novel suppression techniques suitable for use in
ring resonators with coherent cw input are investigated. There have been only two other
SBS lasing suppression techniques reported in the literature and these are included for
completeness and comparison.

From §.4.3 the first criterion that should be met is to ensure that the fibre does not
guide acoustic modes. This can easily be avoided by choosing fibres which have
acoustic velocities faster in the core material than in the cladding material. Single mode
fibres with larger effective core diameters, to reduce the pump intensity, can be made
by adjusting the core/cladding refractive indices. However, this would make the fibre
more weakly guiding, and incompatible with standard fibres operating at those
wavelengths. The SBS threshold can be doubled by forming the resonator out of single
mode non-polarisation preserving fibre, however this then re-introduces the need for
ativepolarisationconrol.

Shelby et. al. have recently reported two methods for increasing the SBS threshold

135,136 The first technique is based upon modulating the

in all fibre ring resonators
SBS gain bandwidth by applying a sinusoidal temperature gradient along the length of
the fibre, and the second technique is based upon incorporating a Faraday isolator
within the fibre ring. The disadvantage of the first scheme is that because there is only a
slight variation in the SBS bandwidth with temperature in glass, a temperature gradient
of 2000 had to be applied to raise the SBS threshold only by a factor of 3. In the second
technique with the in-line fibre isolator, the ring resonator studied was constructed from
York LB-600 low birefringence fibre and had a cavity free spectral range of
15.89MHz. The polariser was constructed from a polished half coupler within the fibre
loop with a birefringent material contacted upon it such that one polarisation continued
to be guided while the other was efficiently guided out of the fibre. On leaving the
polariser the fibre then entered the Faraday rotator, which consisted of twenty-four
10cm straight fibre segments inside the bore of a 1-KG solenoid. Half wave plates
where placed between the fibre segments to enable precise control of the phase
retardation. The fibre isolator was reported to have a rejection ratio of approximately
200. The resonator had a finesse of 100 and with the magnet turned off the input SBS
threshold was found to be 0.25mW of input light. With the magnet turned on the input
threshold was raised to over 20mW, which corresponds to over 600mW circulating in

the ring. The increase in the threshold circulating power is given by136,
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AP, logTg
P, log(k.exp(-2c,L))

(4.20)

where P, is the intensity circulating in the cavity at the stimulated Brillouin threshold
with no isolation, AP is the increase in threshold due to the isolator, Tp is the
transmission of the isolator in the reverse direction. Thus we can see that high
suppression ratios can be achieved. However, this method is limited in that the
resonator can only be operated uni-directionally, which renders it unusable for
gyroscope applications, and the need for bulky in-line faraday rotators makes it
impractical for such things as hydrophone use.

In order to improve the ease of implementing SBS reduction schemes, we proposed
the two novel schemes described below.

(1) In the first method, we require that the resonator cavity has a free-spectral-range
larger than the characteristic Brillouin gain bandwidth of the optical-fibre used. Then by
carefully selecting the pump frequency so as to ensure that the pump and Brilluoin
backscatter cannot resonate simultaneously, the SBS threshold is conveniently
suppressed upto such a circulating power level that the non-linear gain on a single pass
is so high such that the fibre loop acts as a travelling wave amplifier and the cavity
effects are diminished. It is now the combination of SBS bandwidth and loop length
that determine the viability of this scheme for a particular application. The cavity loop
length considerations were summarised in Fig.4.4. Reducing the loop length to below
the optimum length does not have much effect upon the resonator finesse, but does
have a significant effect upon the sensitivity of the resonator and thus it would be
advantageous to work at longer wavelengths where the Brillouin linewidth is narrower
allowing larger cavity lengths to be utilised. For example at 1.55um the Brillouin
linewidth for pure silica core fibres is AvB=16MHzl37, implying that the maximum
loop length at this wavelength that can be used for this technique is only of the order of
3m. Such limitations upon loop length may prove prohibitive in some applications,
where the potential benefit in improved signal to noise ratio (due to increased launch
powers) is overidden by the reduced device sensitivity to the measurand (due to the
reduced loop lengths).

The predicted SBS suppression using this technique can be very high, and is
governed by an equation analogous to Eq.4.20, with the only difference being that Ty
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is replaced by the amount of SBS resonating simultaneously with the pump, which can
readily be found from Eq.4.12. For example in a PMRR with A=1.55um,
Avg=16MHz, a fibre attenuation of 8.5dB/Km, a loop length of 3m (FSR=67MHz)
and a finesse of 200, the maximum suppression of the SBS threshold using this
method is by a factor of over 240 (achieved when the SBS gain curve falls exactly
between two resonances). The major advantage of this method is its simplicity and that
it allows dual directional operation. As the critical parameter for this method is the
Brillouin linewidth, materials should be chosen to give the minimum value of this
linewidth at the operating temperature and wavelength, and care must be taken during
the manufacture of the fibre to ensure that the intrinsic Brillouin gain is not broadened
by inhomogeneities along the fibre length. A disadvantage of this technique for use in
silica based fibre ring resonators operating at 633nm is that the short cavity lengths
required (<1m) require loop phase modulators with greater phase modulation per unit
length, _ . -

If the pump wave frequency is such that it does resonate simultaneously with the
SBS wave, in such a short resonator, then the SBS threshold may actually be reduced
This is because the lifetime of the acoustic wave is now longer than the time required
for a single transit of the ring by the pump, and hence it is possible that the acoustic
wave will be re-pumped before it has a chance to decay, thereby increasing its lifetime
and hence decreasing the threshold. The longer phonon lifetime should also lead to a
narrower SBS linewidth.

(2) In the second SBS suppression scheme we note from §.3.2.2 that, if we have a
coherent pump spectrum made of discrete frequency components separated by more
than the SBS linewidth, the SBS threshold will not be exceeded, provided that no
spectral mode exceeds the 'single longitudinal mode SBS threshold'. We can utilise this
technique in ring resonators in the following manner. By launching such a multimode
laser into the resonator, ensuring that the power in no individual mode exceeds the SBS
threshold, we can operate the resonator at higher powers, in a seemingly single mode
fashion, provided that the laser mode spacing is an exact multiple of the resonator free-
spectral-range and that the beat frequency between modes is larger than the coherent
detection bandwidth. We can ensure that the mode spacing is an exact multiple of the
resonator free-spectral-range either by varying the length of the pump laser cavity, or
by the use of Bragg cells. If more than two modes are to be used then we also require

that no two laser modes are separated by exactly twice the Brillouin frequency shift in
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Figure 4.15 Experimental schematic used to investigate SBS suppression. PBS, polarising beam
splitter; M, mirror; BC, Bragg cell; BS1 & BS2; 50:50 and 90:10 beamsplitters respectively.

order to dismiss the possibility that the Stokes mode associated with one laser mode
could act as an anti-Stokes mode for a different laser mode. The use of this technique in
a 4.15m PMRR operated at 633nm was investigated. The two longitudinal modes of
the laser were utilised and their amplitudes made equal by centralising them under the
pump laser gain curve. Fig.4.15 shows the experimental schematic used to implement
the suppression technique.

The resonator was adjusted to a finesse of 127 with a modulation depth of 88%,
and the Bragg cell was used to ensure that the mode spacing is an integer multiple of the
cavity free-spectral-range. The half wave plate was required in order to make both
beams polarised in the same direction The dual beam frequency spacing was able to be
adjusted to within 10KHz compared with a full width half maximum for the resonator
of 378KHz. This was limited by the resolution observable on the transfer function of
the resonator, and leads to a maximum variation of circulating power between both
beams (assuming equal launch power) of under 3%. However, the reduction in the
efficiency of the Bragg cell away from its designed operating driving frequency, and
the difficulty of launching both beams efficiently via a single set of launch optics led to
the ratio of beam powers launched of approximately 2.5:1. Measurements where first
taken of the SBS threshold for a single beam ( the squares in Fig.4.16 ), and then the
threshold level was measured for a dual beam with the above power ratio launched,
with the frequency spacing between the modes of 790MHz, (the diamonds in
Fig.4.16). If we assume that the Brillouin gain bandwidth is enlarged by the acoustic
guidance properties of the fibre, to approximately 577MHz, then with a maximum
frequency separation of 790MHz and a power separation ratio of 2.5:1 the new gain for

the SBS process will from Eq.3.20, now be 0.815 times the gain for a single beam.
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This would predict that the threshold for a single, measured as 195uW should now
become 240puW, which is in excellent agreement with the obtained experimental results.
This result further supports the model of dual beam pumping given by Lichtman, et.
al®. Hence, the principle of SBS suppression in ring resonators with this technique is
demonstrated. The disadvantages of this system are obviously that in order to increase
the permitted power level by a factor of n, we need a multimode laser with n modes and
perhaps even n Bragg cells. Both of the previous two suppression schemes proposed
have the significant advantage of being bi-directional, and not requiring additional
components in the fibre loop.

It should be noted that the effects of various ASK, PSK and FSK modulation
schemes upon the SBS gain, outlined in §.3.2.2, are generally not applicable in the ring
resonator, because of the relatively long integration time required by the resonator.
Once the threshold for SBS lasing is increased, other weaker non-linear phenomenon

will eventually become apparent, such as optical bistability and FWM',

4.6 Conclusions.
The continued improvements in the fabrication of optical fibre ring resonators has

led to the onset of non-linear stimulated Brillouin scattering effects occurring within the
devices for input pump powers as low as 65uW. These low input SBS lasing
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thresholds are easily surpassed in modern optical systems, and the effects of SBS
generation upon the device performance characteristics need to be considered in future
system designs. The major feature of the onset of SBS lasing is that the circulating
pump power becomes clamped at steady state to the threshold circulating pump power.
The transient response of this pump depletion has been investigated and found to last
for up to several hundred loop transit cycles, thus necessitating longer detector
integration times. The transmission response of the fibre resonator shows a strong
sensitivity to variations in input pump powers above SBS threshold. The nature of
these variations in the measured finesse and modulation depth of the device is governed
by the set of Eqs.4.7-4.9. Inclusion of the phase variation in the ring resonator fully
describes the transmission response of the device with input power. For low SBS gains
the model and experiments show that to good approximation the variations in measured
finesse and modulation depth can be described in terms of a mismatch between the
resonators coupling constant and the loop losses. These variations are therefore
dependent upon the ihpuf p.ump-pdwer at which the resonator cduplihg constant was
optimised. For high SBS loop gains, as would be possible with higher pump powers
and/or special low threshold optical fibres, the model predicts that ‘clipping' of the
resonance dip occurs and the measurement of a finesse for the device is no longer
appropriate.

The SBS depletion effects were experimentally demonstrated in several high finesse
PMRRs. Dual SBS peaks apparently due to the acoustic guidance properties of the fibre
used were observed, and the observations compared to an approximate theory used to
model the acoustic modes. Their observation demonstrates a difference between SBS in
bulk and guided wave systems, and also highlights the need to consider the acoustic
properties of the materials used in the fibre composition.

The increased optical backscatter due to the SBS process can lead to stability
problems in some laser sources, and the resonator performance variations with pump
power, leads to non-reciprocal resonator responses when the device is pumped in both
directions with at least one direction pumped above the SBS threshold level. These
effects cause significant scale factor drifts in sensor applications, and in order to avoid
these problems the device needs to be operated below SBS threshold. In order to
suppress the onset of SBS lasing so as to increase the allowable input power levels
(and hence improve signal to noise ratios) two novel SBS suppression techniques were
proposed and one of them experimentally demonstrated. Both schemes have the
significant advantages of not requiring additional components within the fibre resonator
and of allowing dual directional operation.
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Chapter 5

ACTIVE AND PASSIVE FIBRE-OPTIC RING RESONATOR
GYROSCOPES

The previous chapters dealt with the fibre-optic ring resonator in an applications
independent manner. This chapter now extends that work, to examine specifically the
use of these devices to form fibre-optic ring resonator gyroscopes. Fibre-optic
gyroscopes utilise the Sagnac effect'>®, in which two waves propagating in opposite
directions around a loop interferometer experience an optical path length difference
proportional to the rotation rate relative to an inertial frame.

The detection of rotation rate is an important parameter for inertial navigation
systems. Potential applications would be found in space flight, aircraft, robotics, oil
well logging, and provided the cost can be brought low enough - automobiles. The
requirements for inertial navigation can be fairly stringent. The pointing accuracy
needed to fly a 3000km route in 3hrs and arrive within 1km of the destination means
that rotation rates as low as 0.01 deg/hr must be measurable, whilst for operational
maneuvers in tactical aircraft, rotation rates as high as 1000 deg/sec must be measured
to approximately 5 ppm accuracy. This represents a dynamic range of 108. In order to
achieve such inertial grade sensitivity and long term stability, it is important that the
characteristics of the device are thoroughly understood in order to eliminate or minimise
any potential error sources.

Various optical configurations have been developed to implement the Sagnac effect
for rotation sensing. The chapter begins with a description of the Sagnac effect, and a

comparison between these various gyroscope technologies. Both active and passive
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implementations of the resonant fibre optic gyroscope (RFOG), are investigated. The
drift characteristics of passive RFOGs fabricated with polarisation maintaining fibre are
examined with the aid of the analysis developed in Chapter 2. The magnitude of this
drift is calculated for both the cases of isotropic and highly anisotropic PMRRs!®.
Next, the use of stimulated Brillouin scattering to form one of the first solid state active

2223 Such an SBS gyroscope has significant

fibre gyroscopes is demonstrated
advantages over conventional approaches, and these, as well as the design criteria that
need to be followed in such gyroscopes are established and discussed. A novel method
is also presented to eliminate the frequency lock-in effect present at low rotation rates in

the SBS gyro.
5.1 The Sagnac Effect.

A rigorous analysis of the Sagnac effect involves expressing Maxwell's equations
in a rotating (hence accelerating) frame of reference, using the formalisms of General
Relativityz. However, the analysis is complex and a less rigorous algebraic treatment

139. The kinematic model

that gives the same result is provided by the kinematic model
of the Sagnac effect starts by considering a hypothetical circular interferometer of radius
R in a vacuum as shown in Fig.5.1. Light is injected at a point P;, and propagates in
both directions around the loop. When the interferometer is at rest in an inertial frame of
reference the path lengths of the counterpropagating waves are equal, and since light
travels at the same speed c, in both directions around the loop, both arrive back at the
point of injection P; after a time T=2nR/c. When the interferometer begins to rotate
relative to this inertial frame at an angular velocity €2, the injection point moves through
an angle QT during the propagation time T. The time difference between the arrival of
the two waves at the new position of the injection point Pi', is now given to first order

in RC/c by,

AT= ZnR(

11 )=4A.Q
c—RQ) c+RQ2

5.1
> (5.1)

where A=ntR2 is the enclosed area of the interferometer. For continuous waves this

time difference results in a phase shift A¢g given by,
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Figure 5.1. Schematic of rotating Sagnac interferometer showing path length difference of cAt between
the counterpropagating waves. o C : oo S
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where A is the vacuum wavelength, L is the loop length and D is the loop diameter.
Eq.5.2 gives the Sagnac phase shift associated with one transmission around a loop of
radius R in a vacuum. If the two counterpropagating optical waves are collected again at
the injection point and interfered at a detector, an interference pattern is formed whose
fringe pattern varies with rotation rate in accordance with the phase shift given by
Eq.5.2. Thus, by measuring the change in this fringe pattern, the Sagnac phase shift,
Ad¢g, and hence the rotation rate, Q, can be determined.

The sensitivity of the Sagnac phase shift can be improved by increasing the number
of turns around the loop. This leads to the right hand side of Eq.5.2 being multiplied by
a factor N, where N is the number of turns. This is in fact the approach adopted by the
interferometric fibre-optic gyroscope (IFOG) where the low loss of optical fibres is
utilised to form long loop lengths and hence enhanced sensitivities.

When the guiding structure under consideration is a resonant cavity as in the case of
ring laser gyroscopes (RLGs) and both passive and active resonator fibre-optic
gyroscopes (RFOGs), it is often advantageous to view the path length difference as

leading to a frequency difference Afg, between the counterpropagating resonant
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frequencies in the cavity. Defining the optical perimeter of the circular cavity as
P=n2nR, this frequency shift is given by Afy/fy = cAT/P where {; is the resonant

frequency of the non-rotating cavity. Using Eq.5.1 we have,

CAT. 4A_ D
Af,= 5fo= 352 = 10 (5.3)

We see in this case that since the oscillation frequency in each direction is determined
by the path length in that direction the differential frequency Afg can be obtained in the
RLG and active RFOG by beating the output of each lasing direction at a detector. In
the case of the passive RFOG this difference in counterpropagating resonant
frequencies must be measured by means of an external laser. The factor relating the

rotation rate to the beat frequency (in the RLG and RFOG) or the phase difference (in

The above treatment of the Sagnac effect is based upon different path lengths
leading to different times of flight around the loop. An equivalent interpretation can be
obtained by considering the different doppler shift in the counterpropagating directions

caused by the moving injection point and the optical path length remaining the same.
5.2 Comparison of Gyroscope Technologies.

In order to appreciate the role played by RFOGs in gyroscope technologies, it is
beneficial to compare the various techniques for measuring the Sagnac phase shift
shown in Fig.5.2. The approaches are split between active and passive techniques. In
the active approach two counterpropagating waves oscillate in a resonant cavity, which
contains an active gain medium. The presence of this gain medium within the cavity
forces the counterpropagating waves to oscillate at different frequencies with rotation in
response to the Sagnac effect. The active approach can be implemented in the form of
RLGs or active RFOGs. The RLG is the most mature of the optical gyroscope
technologies, and already provides navigation functions in commercial passenger
aircraft such as the Airbus A310 and the Boeing 757 and 767. RLGs capable of
detecting rotation rates over a range 10-3 to 104 %hr have been demonstrated, with
performance close to the quantum noise limit'*®. The active approach has the

advantages of a frequency readout of rotation rate, and an ideally linear scale factor.
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