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Abstract

UNIVERSITY OF SOUTHAMPTON
ABSTRACT
Faculty of Engineering, Science and Mathematics
Optoelectronics Research Centre

Doctor of Philosophy

Bragg Grating Filters for Optical Networks
by Mohd Ridzuan Mokhtar

This thesis focuses on the exploitation of fibre Bragg gratings in optical
communication networks. New designs, as well as procedures for dynamically
altering grating characteristics are proposed for several important functions. We
begin with designing gratings for flattening the gain profile of an erbium-doped
fibre amplifier. The design process uses an alternative method to the inverse
scattering method, but produces a similar spectral response quality. These
gratings have either modulated refractive index or chirp rate. Then, we propose a
reconfigurable phase-code encoder. The device is composed of a uniform grating,
with a number of equidistant fine wires for the purpose of modulating the phase
via the thermo-optic effect. Error free data transmission is demonstrated in
several optical code-division multiple access architectures. The characteristics of
the device are also theoretically modelled. Next, we construct a simple package
for continuous tuning of fibre gratings, which adopts the beam bending technique.
It demonstrates over 110 nm tuning range and the operational wavelength can be
accurately predicted. Its spectral response and limitations are also studied. This
device has been incorporated into several optical systems, which include tunable
distributed feedback fibre laser, add-drop multiplexer and high power fibre laser.
Finally, we present a package for varying the dispersion of a fibre grating. The
package deforms a beam into a cubic function shape with a contra-flexure point
at the middle. Consequently, this allows changes in the grating delay
characteristic without shifting its centre wavelength. This device has achieved
dispersion compensation of an 80 km non-zero dispersion-shifted fibre in a 10
Gb/s system. Additionally, since its bandwidth also changes with the stress
gradient, it has also been utilised as a bandwidth-variable bandpass filter at the

receiving terminal of a spectrum-sliced wavelength-division multiplexed system.
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

1.1  OVERVIEW

The first observation of permanent periodic change of the refractive index in
an optical fibre in 1978 [1] marked the beginning of a significant breakthrough in
optical telecommunication and sensor system development. This historical
discovery of the fibre Bragg grating (FBG) has triggered exhaustive studies in an
attempt to understand the foundation of fibre photosensitivity. Concurrently,
these activities inspire the FBG fabrication technology, which over time has
advanced to the point where complex grating structures are now feasible [2]. The
flexibility offered in the design and fabrication of FBGs lays down broad and
important roles in various applications that concern optical systems. FBGs may
well perform the same functions as the existing alternative devices or become the
enabling devices of various formerly impractical technologies. Evidently, FBGs
have been recognized as key components in modern optical telecommunication
systems [3]. Nevertheless, conventional FBGs and their related devices are not
entirely compatible with future optical architectures, which often demand
dynamic components to enable reconfigurable traffic networks. On these accounts,
we dedicate this research to utilise FBG technology to enhance system
performance and possibly acquire tunability in novel devices, thus assuring their

place in the future optical telecommunication systems.

We intend to begin by identifying a number of potential aspects in a
wavelength-division multiplexed (WDM) system in which FBG technology can be
adopted to enhance the performance and capacity of the system. Subsequently,
we will propose novel devices with all efforts focussed to incorporate dynamic

features to those devices by exploiting the physical natures of a fibre. Reliability,
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simplicity and cost are taken as the prime attributes of these devices. All devices
will also be theoretically analysed to facilitate prediction of their responses and
therefore allowing them to be tailored to a desired design. The theoretical
analyses will be wverified through characterisations of the proposed devices.
Positive preliminary tests on the devices will then proceed with demonstrations in

applicable systems to validate their reliability.

Our research lays emphasis on WDM as it is currently the most viable
solution to the congestion on installed optical fibre in long distance links. WDM
relieves the need to overlay new fibre cables as new channels are added by simply
extending the information bandwidth. Transmission of these channels over
thousands of kilometres is made possible only by the support of fibre amplifiers.
The channels will have to traverse through a cascade of erbium-doped fibre
amplifiers (EDFAs), in which each intrinsically has a non-uniform gain spectrum.
Consequently, this will cause variation in the signal-to-noise (SNR) performance
of the relayed channel signals. Various approaches to fix this critical problem
have been reported, involving tweaking the operating conditions or geometry [4-9],
alteration of material compositions of the fibre amplifier [10, 11] and the use of
loss-inducing filters [12-21]. However, the first two approaches can still produce
noticeable gain variation of several decibels. The latter approach includes a range
of filter types, among which the FBG appears as the most elegant device.
Nevertheless, a circulator is required in this configuration and its dispersion
characteristic must be managed attentively. We propose the use of a FBG as a
gain equalising transmission filter to alleviate these inconveniences. The FBG
can be readily spliced in line with the isolator that is always incorporated in a
reputable EDFA, thus minimizing insertion loss and preventing stray reflection
feedback. In-band chromatic dispersion is completely avoided as the signals do
not experience distributed reflection in this configuration. Refractive index or
period modulation may be manipulated to yield the necessary losses to equalise

and enhance the maximum bandwidth of EDFAs.

We also consider optical code division multiple access (OCDMA) as an
overlaying means to attain larger capacity transmission. Technologies comprising

waveguides with delay lines [22] or phase shifters [23] and an arrayed waveguide
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grating (AWG) [24] have been utilised for realising this type of system. Despite
the impressive demonstrations, grating technology is effortlessly identified to be
well applicable of this performance using cascades of FBGs [25-27] and
superstructured FBGs [28]. However, some of the technologies which showed
tunability, display lack of compactness and possess high fabrication complexity
and cost. On the contrary, we aim to fashion OCDMA signals by simply
introducing impermanent phase shifts to the information-bearing lightwaves that
are being spatially dispersed by a weak uniform grating. We expect that this will
result in duplications of each signal pulse into a sequence of bits with embedded
phase codes, thus signifying a unique channel. We propose to use the thermo-
optic effect for changing the phase of each bit, which can be easily induced by a
fine electrical heating element. We intend to present thorough characterisations
both theoretically and experimentally for this novel device to accurately perform
its designed function. This may well proceed with deployment of the device in

experimental OCDMA systems to illustrate its prospective performance.

Optical add/drop multiplexers essentially define a WDM system. Clearly,
having these components tunable will enable flexible traffic management. There
are many types of filter such as dielectric thin-film, Fabry-Perot and acousto-
optic filters [29], yet FBG prevails over all competing technologies as it exhibits
impeccable spectral characteristics as well as compactness. Tunability of FBG
filters has been successfully demonstrated which was principally achieved through
application of axial strain using a large and complex assembly [30-32]. In contrast,
we wish to design a truly simple and compact tuning package for a FBG which
also require no electrical power to remain at a chosen operating condition. We are
determined to ensure the preservation of the FBG pristine characteristics for all
operating wavelengths. In order to shift the reflection spectrum, we utilise the
beam bending technique [33] for applying the elasto-optic effect onto the FBG.
In view of the fact that the signals’ wavelength window is diffusing into the short
(S-band) and long (L-band) wavelength regions, we aim to achieve the widest
ever tuning range for a fibre filter. Additionally, detailed characterisations of the

device in operation will be acquired.
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Light pulses inevitably experience chromatic dispersion in single-mode fibres.
This causes severe system penalties when engaging high data rate transmission in
long haul fibre links. Typically, the distortion is corrected by using long lengths
of dispersion-compensating fibre [34]. It has been shown that compensation is also
achievable by using various types of interferometers [35-38], expensive optical
phase conjugators [39] and complicated electrical signal processing [40].
Nevertheless, the FBG offers a more compact solution in which it can exert
frequency dependent delays to the reflected spectral components [41]. It has
assisted in the demonstration of a long distance WDM transmission of up to
8x20 Gb/s [42]. Nonetheless, some long-haul transmission links employ a ring
configuration in order to cope with cable failure. At the time of breakdown, the
light signals will be automatically re-routed to a different optical path.
Consequently, they are broadened by a different magnitude of dispersion.
Likewise, in reconfigurable systems where channels are added at various locations
along the optical links, the receiving terminal will thus see differently broadened
channels. In both aforementioned circumstances, a tunable dispersion
compensator becomes a necessity to allow real time adjustment. We again
propose to impose the elasto-optic effect via mechanical means to shape the time
delay property of a FBG for compensating varying second-order dispersion. The
device will be fully characterised and its performance in compensating dispersion

of single-mode fibres will be assessed.

1.2 ORGANISATION OF THE THESIS

The following part of this Chapter gives a concise fundamental background of
fibre Bragg gratings that is relevant to the research and summarises the main
concepts of the numerical tools used for device simulations. In the next Chapter,
we propose several gain-flattening filters based on fibre Bragg gratings operated
in transmission. These devices have either a modulated period and a uniform
refractive index change, or a uniform period and a modulated refractive index
change. Their performances are theoretically analysed through extensive
simulations using the transfer matrix method. Any possible improvements to the

design are also investigated and theoretically demonstrated.
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We have also devised a phase encoder/decoder based on a uniform fibre
Bragg grating. Detailed construction of the device is described in Chapter 3. This
device has been deployed in several system configurations to demonstrate its
reliability in code generation and recognition. The test systems range from a
simple code-decode setup to an advanced bi-lateral coherent optical code-division
multiple access system with add/drop capability. The device performances are
assessed through the auto-/cross-correlation traces and bit-error-rate
measurements. This Chapter also presents the results obtained from multi-level
phase coding operations. An increase in the number of producible channels has
also been obtained by expanding the number of bits of code sequence. These
experiments are then supported by theoretical modelling, which clearly verifies

successful operation of the device, but exposes potential improvements.

Chapter 4 will describe a package for continuous wideband tuning of a fibre
Bragg grating. This device adopts the beam bending technique to produce
compressive stress in the grating, which could then alter its properties. Very good
agreement between the accompanying theoretical analysis and the experimental
measurements demonstrates the ability of the device to accurately tune the
operational wavelength. All the unwanted effects that could arise directly from
the bending action are also studied to evaluate its stability and to learn the
limitations of the device. In addition, the device is deployed in several optical
systems to verify its reliability. The systems demonstrated are the distributed

feedback fibre laser, add-drop multiplexer and high power fibre laser.

Finally, in Chapter 5, we will present a variable dispersion compensator
based on mechanical parts. The proposed assembly allows displacement of the
ends’ level of a fixed beam, giving symmetrical stress distribution along the beam.
The resulting contra-flexure at the mid-span will set the central wavelength to
remain constant for all dispersion magnitudes. Characterisation of the device
through calculations and measurements are shown. We demonstrate the
dispersion compensation of high bit rate signals having propagated through long
lengths of single-mode fibres. Additionally, it is shown that the device can also

function as a bandwidth-variable filter for a spectrum-sliced WDM system.
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1.3 FUNDAMENTALS OF FIBRE BRAGG GRATINGS

1.3.1 PHOTOSENSITIVITY IN OPTICAL FIBRES

Photosensitivity in optical fibre invariably refers to a permanent change in
the index of refraction of the fibre core induced by exposure to light radiation. Its
discovery has resulted in a revolutionary proliferation of the fibre Bragg grating
structure. Extensive studies of this effect on an optical fibre host have
subsequently allowed absolute control of the characteristic of the refractive index

grating.

The fibre drawing process will always end up with an imperfect molecular
structure of the glass waveguide due to non-uniform chemical reactions and
difference in the thermal expansion coefficients between the cladding and the
doped core regions. The presence of these defects causes multiple absorption
bands within the UV spectrum. Based on several independent measurements of
the electron spin resonances (ESR) and optical intensity absorptions of optical
fibres and preforms, there is now a clear consensus on the absorption peaks

assignment for a variety of defect species [43, 44].

Essentially, Ge(n) defect centres are recognised to be the major contributor
to the photo-induced index changes in these fibres. These defects are the
germanium (Ge) sites that can trap electrons. They can be in the form of
germanium oxygen-deficient centres (GODCs) in which a germanium atom (or
silicon atom) is directly bonded to another germanium atom due to the absence
of an oxygen atom (wrong bond), which are also formerly identified as Ge(0) and
Ge(3). Absorption bands at 242 nm (5.1 V) and 330 nm (3.51 eV) have been
correlated to this type of defect centre. Other defect centres observed are the
Ge(1l) and Ge(2) electron trap centres, which take the form of normal four
coordinated Ge atoms, with distortion of the tetrahedral structure. The 281 nm
(4.4 eV) and 213 nm (5.8 eV) bands have been assigned to these centres,
respectively. In addition, large atomic displacement as the fibre glass cools on
drawing also results in drawing-induced defects (DID). This defect is responsible

for the 630 nm absorption band. Other defects include the nonbridging oxygen
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hole centre (NBOHC) and the peroxy radical (P-OHC). They are responsible for
the absorption bands at 260 nm and 160 nm, respectively.

(a)

Oxygen
Absorption of l
@ photon
/' Unpaired
electron

Ge or Si

Fig. 1.1. A schematic of Ge (or Si) defects of germanosilicate fibre (Ge:
germanium atom; Si: silicon atom; small sphere: oxygen atom). (a) GODC

wrong bond that produces a GeE’ centre through photon absorption, (b)
NBOHC, (c) Ge(1), (d) Ge(2), and (e) P-OHC.

Various mechanisms, comprising photo-chemical, photo-mechanical and
thermo-chemical may give rise to the change of refractive index of a silica fibre. It
is documented that their relative contribution will be fibre dependent and also
influenced by the irradiation condition such as wavelength, intensity and total
dosage of irradiating light [43]. The bleaching of the Ge-Si/Ge-Ge wrong bonds,
induced by exposure to UV radiation, forms the GeE’ hole trap centres (i.e.
Ge(0)” or Ge(3) ), which constitute the largest absorption peak at 195 nm (6.35
eV). Each GODC releases an electron that assists the formation of new defect

centres, Ge(1)” or Ge(2) , as electrons are retrapped at some other defect sites.
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It is certain that this photochemical conversion of GODCs into GeE’ centres
contributes to a large portion of the photo-induced refractive index changes in
germanosilicate glass [43], as a direct consequence of the associated
transformation of the local electronic properties and also reconfiguration of the
structure of the germania molecules that alters the density of the material [45].
Moreover, the interaction of the absorbed photons with the glass will also give
rise to alterations in the absorption spectrum. Consequently, this will change the
index of refraction at modal wavelength A, as described by the Kramers-Kronig

relationship [44],

An (2 )? Zf )\//\ A (1.1)

where the summation is over discrete wavelength intervals ( A', <A'< A\, )

around each of the ¢ changes in measured absorption, «,.

A pure silica fibre requires certain core dopants for appreciable
photosensitivity. Investigations on dopants such as germanium, phosphorus,
nitrogen, aluminium and fluorine have revealed that germano-silicate optical fibre
demonstrates the most pronounced photosensitivity [43]. Photosensitivity in this
fibre increases with increasing concentration of the germanium. As large
germanium content will also increase the numerical aperture (NA) of the
waveguide, boron (B) may be included in order to neutralise the effect, thus
preserving the original relative index difference between the core and cladding.
Alternatively, tin (Sn) can substitute for some of the germanium to lower the NA
but maintain the photosensitivity. These two co-dopants also facilitate the photo-
induced densification process of the glass, thus further increasing the
photosensitivity. Recently, it is found that high photosensitivity can also be
obtained in germanium-free alumino-silicate optical fibre by co-doping with

antimony (Sb) [46].

Photosensitivity of the fibre core can also be significantly enhanced through
hydrogenation of the fibre before grating inscription [47]. Hydrogen molecules will
react with the host material in a slightly pressurised atmosphere (150-200 atm.)
producing more GODC centres under modest thermal stimulation (20-100 °C). It
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is believe that a by-product defect species, GeH centre, also contributes to the
photosensitivity enhancement. This technique has even successfully caused
phosphosilicate fibre to demonstrate some photosensitivity, a composition which
would otherwise have bleached wrong bonds. Nonetheless, this technique
produces excessive absorption losses in the optical communication window at
1240 nm, 1390 nm and 1410 nm due to molecular hydrogen, Si-OH and Ge-OH
respectively. These loss peaks can be shifted to longer wavelengths (~1900 nm)
by using a deuterium (D,) substitute [48]. Another similar technique that forces
hydrogen diffusion into the fibre core at high temperature is known as flame
brushing [49]. High temperature is provided by a flame fuelled with hydrogen and

a small amount of oxygen.

1.3.2 PROPERTIES OF FIBRE BRAGG GRATINGS

A fibre Bragg grating (FBG) is a periodic perturbation of the refractive index
along the fibre length, which is formed by exposure of the core to an intense
optical interference pattern. The Bragg condition which governs its operation, is
simply the requirement that satisfies both energy and momentum conservation
[43]. If this condition is satisfied, the reflected light from each of the subsequent

planes accumulates constructively in the backward direction.

A

h— _ .. A
A

ﬂ’broad broad ~
Ag :@ ):_:@-)

k, «——
g

Ag

Fig. 1.2. Hllustration of a uniform Bragg grating with the incident, diffracted and

grating wavevectors.

Energy conservation requires that the frequency of the incident radiation and

the reflected radiation is the same. Momentum conservation requires that the



Chapter 1: Introduction

incident wavevector B, plus the grating wavevector k, , equal the wavevector of

the scattered radiation 3,. This is simply stated as

B, +k, =05, (1.2)

where k, has a direction normal to the grating planes with a magnitude
|kg|:27r/A (where A is the grating spacing). The magnitude of the mode
propagation vector (where S =|8|) of a light ray with wavelength A (in a

vacuum) is given by

5= %], (13)

where n is the effective refractive index of the guided mode. In the case of a
Bragg grating (also referred to as a reflection or short-period grating), the
diffracted wavevector is equal in magnitude, but opposite in direction to the
incident wavevector. Hence, the above momentum conservation condition
becomes

Ag = 2n,A (1.4)

where the Bragg grating wavelength ), is the free space centre wavelength of the
input light that will be back-reflected from the Bragg grating. Conversely, a long-
period grating (also called a transmission grating) will diffract a core mode into a

co-propagating cladding mode with a different propagation constant.

The longitudinal profile of the index of refraction along a fibre grating with
an amplitude of photo-induced refractive index perturbation An , can be

expressed as
27
n(z) =mn, + An - cos 2 (1.5)

where z is the distance along the fibre axis and n, is the average refractive

index, incorporating the mean refractive index change An .

Coupled-mode theory has been used to accurately model the optical

properties of most gratings [44, 50]. In the presence of a dielectric perturbation

10
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associated with the fibre Bragg grating, a mode of amplitude A, (2) is coupled

into an identical counter-propagating mode of amplitude B, (2) according to

AR _ieain) +inB ) (1.6)
dz
dB . .
d(Z) =—i(B() —ik"A) (1.7)
A

where A(2) = A, (2)-exp(i6z), B(z) = B, ()-exp(—i6z), (=6~ (2m/)\;)An is
a general DC self-coupling coefficient, and 6§ =(F—xn/A is the detuning
wavevector. The coupling coefficient k , for sinusoidal variation of index

perturbation along the fibre axis is given by

K= )\L(U‘A”) (1.8)

‘B

where 7 is the fraction of the fibre mode power contained in the fibre grating.

A solution of the coupled-mode differential equations 1.6 and 1.7 for a
uniform fibre grating of length L, can be found by assuming that A(—L/ 2) =1
and B (L / 2) = 0. The amplitude reflection coefficient p, of a grating is given by
p=B(—L/2)/A(—L/2). This results in the following expression [51]:

—r -sinhy/(kL)* — (CL)*

a ¢-sinh (kL) — (CL) + inJK® + ¢* - cosh (kL) — (CLY’

The square of the magnitude of the complex amplitude reflection coefficient

(1.9)

gives the power reflection coefficient R . On the other hand, the group delay and
dispersion of the reflected light can be extracted from the associated phase 6 .
The time delay of the light reflected from a grating can be obtained by
differentiating this variable with respect to the angular frequency w of the
reflection mode, which results in

df dx do \* do

A A (1.10)
" dw  dw dX 2me dA
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The dispersion D, which is the rate of change of delay with wavelength, is
thus given by differentiating the previous equation against the wavelength,

producing

dr, _d_w'dTg _ 2me

B Nl i ()

where (" is defined as the group velocity dispersion (GVD) parameter (second

derivative of the propagation constant with respect to frequency).

The grating period can be monotonically varied to produce a chirped Bragg
grating. As a result, a wider band of wavelengths will be reflected along the
structure. The grating may also be apodised, to suppress the adjacent sidelobes
accompanying the main peak in the reflection spectrum. The term “apodisation”
refers to a gradual decrease of the coupling coefficient from the centre towards

both ends of the grating.

Fibre Bragg gratings may be divided into three distinct types, depending on
their growth dynamics upon UV irradiation [43, 44]. Gratings that show
monotonic temporal evolution of the index of modulation are referred to as Type
I Bragg gratings. Often, subsequent UV light irradiation onto high Ge-content,
small core fibres, will gradually erase this positive refractive index change and
introduce a new Bragg grating species called Type IIA. Structural reorganisation
is deemed to be responsible for these gratings exhibiting highly negative refractive
index change with increased mean index change as exposure time continues.
When physical damage has occurred due to irradiation at massive energy
densities, Type II Bragg gratings are formed. Very large refractive index changes
have been demonstrated by these types of fibre Bragg gratings. Furthermore, in
comparison, by measurement of thermally induced decay, Type Il Bragg gratings
show the best temperature stability, followed by Type IIA and finally Type 1
Bragg gratings [43].
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1.4  SIMULATION METHODS OF FIBRE BRAGG
GRATINGS

1.4.1 TRANSFER MATRIX METHOD

This piece-wise uniform approach is considered flexible and accurate for
modelling non-uniform gratings. It is based on multiplication of 2 by 2 matrices
for each uniform section of the grating to obtain a single 2 by 2 matrix that
describes the whole grating. The propagation through a uniform section £, is

described by a matrix T, , defined such that [51]

cosh (- AL)— igsinh (2-AL) —i % sinh (Q-AL)
_ Q Q
T — C (1.12)
i%sinh (Q-AL) cosh (€ AL) +i & sinh (2 AL)

where Q = /x> —(* , AL is the section length, £ and ¢ are the local coupling

coefficients for the k-th uniform section.

-L12 A Ay Ay L2

-
—
.

Il Il N Il Il
—_— — P —
1l 1l ' ' 1l

T,

Fig. 1.8. Piece-wise uniform simulation which divides a non-uniform grating of
length L into a series of M wuniform gratings with different periods A, and

coupling coefficients k, , represented by their respective transfer matriz T, .
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A forward and backward propagating fields can be written as A(2)-exp (i6z)
and B (2)-exp(—idz), respectively, where 6§ is as defined in Section 1.3.2. A(z)
and B (z) are slowly varying amplitudes of the mode travelling in the +z and
—z directions, respectively. The output field amplitudes after traversing M

sections is given by,

A(L/2)
B(L/2) (1.13)

At the end of a reflection grating, the input field amplitude A(L/ 2), is
normalized to unity, and the reflected field amplitude B (L / 2) , is zero since there
is no perturbation beyond this margin. The amplitude reflection coefficients p, of
the whole gratings is thus obtained by normalizing the total reflected field over
the initial input field, both being evaluated at the leading edge of the grating
frame, such that
2)

(=L/
/

A(L/2) (1.14)

p =
and the reflectivity is calculated from the square of its magnitude |,0|2
Additionally, the amplitude transmission coefficient ¢, is simply expressed as
follows

1

t:A(——L/Q) (1.15)

1.4.2 LAYER-PEELING INVERSE SCATTERING METHOD

Further approximation of the previous transfer matrix of the piecewise
uniform simulation will result in discrete perception of the grating construction.
By allowing the magnitude of the coupling coefficient x , to be infinity while
retaining the product with the segment length constant, the mode coupling occurs
at a single point. This will lead to a simplified matrix describing a discrete

reflector, such that
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I —p

1

\/1_|Pk|2 |

The propagation matrix between two of such coupling points can be obtained

T = (1.16)

by letting this same parameter assumes a value very close to zero. The original

matrix will then become

L |exp (i6AL) 0
= = 1.17
! 0 exp (—i6AL) (1.17)
where the discrete complex reflection coefficient is given by
q*
0= —|7 - tanh (|q| AL) (1.18)

The forward and backward propagating fields 4, (§) and B, () respectively,
at the k-th reflector can be transferred to the next section by multiplying them
with the two transfer matrices product 7 -7;*. Normalizing both fields to the

forward propagating field produces

. R (8)—p

R,., (6) = exp(—26AL) ) *R0)
T

(1.19)
where R, (6) = B, (6)/ 4, (6). The spectrum reflectivity R, (f), can be written as

a Fourier transform of the time response p(t), evaluated at the periodic discrete

reflectors [52]

o0

R(f) = [exp(-2mft) 32 p, (3t —n) de (1.20)

—x n=-—00

where 7 is the sampling period and 0(t) is the delta function, defined as
O(t)=0 (t=0) and foo 0 (t)dt =1. The above equation can be converted into

a function with the wavenumber detuning ¢, by substituting the frequency term
with c6 /2mn,, . The inverse of the Fourier transform of this expression will then

give the p, at those discrete points [53],
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1

V; f:Rk (m) exp (j8(c / n,y) (k) (1.21)

m=1

Pr =

where R (m) is the sampled power reflection coefficient in the frequency domain.

By considering the impulse response for t = 0 (i.e. k7 = 0), the first reflector
will effectively be the sole reflector for the entire stack, as light does not have
sufficient time to propagate to and from the adjacent reflectors. Therefore, the

amplitude reflection coefficient for the first reflector is given by
1 M
po=— R ,m (1.22)
M m=1

This value can be inserted in Equation (1.19) to complete the transfer of both
the forward and backward propagating fields A4, (§) and B, (), respectively.
Consequently, the layer can be totally ignored (i.e. peeled off) when evaluating

the next reflector.

B, < B, <

P Ps

P
4, —> 4, —>

> Z

<—AL > AL >

Fig. 1.4. Discrete model of a fibre grating.

Finally, taking the unit time frame to be equal to the “round trip”
propagation length of one layer (7 =2n,AL/c), the layer thickness AL, and

detuning window ¢, , must be related by

™

AL=— (1.23)

w
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1.5 BRAGG GRATING INSCRIPTION

An interference fringe of UV light is required to induce a periodic
perturbation in the refractive index of a fibre via the photosensitive effect.
Conventionally, the interference fringe is produced by the holographic method, in
which UV light is passed through a beam splitter and reflected by mirrors to
intersect at a mutual angle of . Minute adjustment to the angle of the mirror

can alter the grating characteristic through the following relationship [54],

A — Aoy
! 2ny,, sin(%) (1.24)

where A is the period of the grating, n, is the effective mode index in the fibre,
n;y is the refractive index of silica and )\, is the wavelength of the writing

radiation.

On the other hand, the phase mask technique is regarded as the most
effective method to inscribe Bragg gratings [55, 56]. Incident light is divided into
two beams of different order after passing through the phase mask and these then
overlap to create the desired interference pattern. “Phase mask” refers to a piece
of transparent bulk material with grooves etched into it at a regular spacing,
which may be formed by electron beam lithography. This structure is thus able to
alternately shift the phase of light wavefronts, such that the lightwave leaving
the grooves will have different phase relative to those that travel through the full
depth. Moreover, as the lightwave passes through narrow spaces with sharp
edges, it will naturally diffract. The incident and diffracted orders satisfy the
principle of interference, which dictates that the geometrical path difference
between light from adjacent grooves must be equal to some integral multiple of

the wavelength of the light for a constructive interference [57], such that
A, (sin(6,)+sin(6,)) = rX,, (1.25)

where r is an integer signifying the diffraction order, A, is the period of the

phase mask, 6, is the incidence angle and 6, is the diffraction angle.
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The phase mask can be employed in two configurations. In one configuration,
light incident at an angle is diffracted partially only into the minus first order,
provided that 2A, /3 < Ny <2A , - This condition is deduced by appreciating the
wave behaviour of light, such that diffraction must occur (|sin (971)| <1) when
the diffracted angle equals the incidence angle (6, =6 ;) and the second order
must not exist [58]. Self-interference between the minus first order and the
undiffracted zero order creates an interference pattern with a pitch equal to the
phase mask pitch (derived by solving Equations (1.24) and Equations (1.25)).
When a phase mask is operated in the other configuration, the UV light is
normally incident on the grating (6, =0 ). The phase mask is optimized to
diffract light equally and maximally into the plus first and minus first orders,
while the intensity carried in the zeroth order is suppressed. Self-interference
between these two orders creates an interference pattern with half the pitch of
the phase mask pitch. This geometry however can still generate additional
unwanted orders, but these are often minimized. The phase mask greatly reduces
the complexity of the fibre grating fabrication system. The simplicity of using
only one optical element provides a robust and an inherently stable method for
reproducing fibre Bragg grating. Since the fibre is usually placed directly behind
the phase mask in the near field of the diffracting UV beams, sensitivity to

mechanical vibrations and, therefore, stability problems are minimized.

Efficient grating inscription can only be realised when the wavelength of the
writing radiation coincides with any peak of absorption spectrum in the UV
region of the photosensitive host fibre. There are already several lasers that can
efficiently operate in this wavelength region, which include excimer lasers,
frequency mixed fibre/diode lasers and frequency doubled dye lasers or optical
parametric oscillators. In order to produce high quality gratings, the laser sources
should have excellent temporal and spatial coherence. Low spatial coherence
causes a variation in fringe visibility and hence the grating strength. Light with
low temporal coherence can produce interference fringes with reduced visibility if
the paths of the two interfering beams are not equal. This requirement is however
relaxed in the phase mask technique. Sources with poor features can be improved
by frequency mixing using nonlinear crystals (e.g. beta barium borate) and

spectral filtering using etalons, intracavity prisms or diffractive gratings. Some
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examples of good sources are KrF (248 nm), XeCl (308 nm), ArF (193 nm), 1064
nm Nd:YAG (frequency quadrupled to 266 nm), 1048nm Q-switched Nd:YLF
(frequency quadrupled to 262 nm) and 302 nm or 514/488 nm Argon ion
(frequency doubled to 257/244 nm). There are also frequency doubled dye lasers
which use either excimer (XeF or XeCl) or frequency tripled Nd:YAG lasers as

pump sources.

An advanced fabrication system that is truly flexible has been developed at
the University of Southampton. It is referred to as the continuous grating writing
technique as the planes of the grating are written continuously by high precision
relative positioning of the phase mask and the fibre host with synchronised
exposure of UV radiation [59]. The fabrication setup for performing this technique

is illustrated in Fig. 1.5.

............... Y
244 nm CW laser X
o Computer +
% Controller unit
o
S
=
Moving stage Phase mask AOM Mirror
Fibre clamp l
) He-Ne M
Fibre Interferometer [

| | !
<:: | : H’—E N A :Z:ZZ:I{I{E’(&%«

Fig. 1.5. Fabrication setup for continuous grating writing technique (AOM:

Acousto-optic modulator).

The writing UV radiation is provided by a frequency doubled Argon ion laser
system operating with continuous wave (CW) light at 244 nm. It can deliver a
UV beam with a power of up to 100 mW. An intermediate acousto-optic

modulator (AOM) is deployed across the beam path to regulate the exposure
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duration of the UV light on the fibre. A cylindrical lens is used to focus the beam,
as well as producing constant fluence and exceptional spatial coherence. The
height of the lens is routinely adjusted to yield maximum fluence by monitoring
the trapped interfering beams which are weakly guided in the fibre. The
photosensitive fibre host is held in a straight line by a pair of fibre clamps fixed
on an air-cushion supported movable carriage. Deuterium loaded germanosilicate
fibres are often used as the host due to the fact that they are adequately
photosensitive to obtain the required refractive index change and also
environmentally stable. This type of fibre is typically a standard telecom
compatible fibre with numerical aperture (NA) of approximately 0.12. The
translation platform is moved at a constant velocity parallel to the fibre axis
under computer control, with its position being tracked by an interferometer
attached to the moving part (with sub-nanometre precision). A uniform pitch
phase mask is fixed exactly at the focal point of the cylindrical lens. This
arrangement, ensures that the UV light falls normally onto the surface of the
phase mask. Subsequently, it generates interference fringes from 41 and —1
orders of the diffracted UV light. Despite the uniform pitch, the fabrication
apparatus still offers the capability to write a grating with complex refractive

index and/or period modulation, owing to the plane-by-plane writing procedure.

An apodisation technique based on dithering of the grating fringes is used for
modulating the refractive index. The visibility (or contrast) of the refractive
index modulation can be modified by delaying the exposure of the interference
fringes for less than, or equal to, one half of the interference fringes period A.
This process is able to retain zero mean change of refractive index (M =0) and
thus avoids variation in the average refractive index n,. On the other hand,
chirping of the grating period from A —AA/2 to A+ AA /2 can be achieved by
delaying the subsequent exposures by a fraction of a grating fringe A = AA/ N,

where N is the total number of grating planes in the entire grating [59].

In essence, this fabrication process imprints overlapping gratings.
Consequently, it inherits the advantage of averaging any jitter and variations in
the transverse beam profile between exposures. Additionally, the length of the

grating is only limited by the length of the translation platform bearing the fibre
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and not by the length of the phase mask. Nevertheless, the quality of the
fabricated gratings may still be dependent on the stability of laser fluence, the
quality of the phase mask and the fibre host and occurrence of mechanical
vibrations in the writing setup. These may cause stitching error (unwanted
sudden phase change between adjacent grating planes) and variations in fringe
visibility that will lead to random artificial chirps along the grating. As a
consequence, the grating reflection spectrum acquires multiple peaks and chirp,

while considerable fluctuations are introduced in the time delay response [59, 60].

1.6 CHARACTERISATION OF FIBRE BRAGG GRATINGS

The measurement of the complex amplitude reflection/transmission
coefficient of a grating is realizable if a signal detected from the device can
produce an electrical signal at the photo-detector that carries its optical phase
and amplitude information. This can be practically achieved by means of passing
a continuous light modulated at an RF frequency (a few hundred of megahertz)
through the device. The power reflection/transmission coefficient is thus directly
proportional to the amplitude of the received signal, while the time delay can be

extracted from the measured relative phase.
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Tunable laser |

000 =~MH
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Fig. 1.6. Experimental setup for measuring characteristics of fibre gratings.
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A simple, yet reliable experimental setup for measuring the characteristics of
a fibre grating is illustrated in Fig. 1.6. An RF sinusoidal signal of frequency f;,,
from a network analyzer drives an LiNbO; modulator which modulates the light
intensity from a tunable single-frequency source. The modulated light is optically
amplified using an erbium-doped fibre amplifier (EDFA), to compensate for the
considerable insertion loss introduced by the modulator, and subsequently
launched into a grating under test. The transmitted light or reflected light
collected via a circulator/3-dB coupler is captured by a photodiode. The detected
signal is introduced into the RF input port of the network analyzer, after
amplification. Using the network analyzer, the intensity ratio AI()\), and phase
difference A¢(A), between the modulation and the input signals are measured at
each carrier wavelength. The relative delay time 7(\), of the fibre grating is

obtained from A¢(\) as

T(A) =—- (1.26)

This data is acquired quickly, with minimum processing, under computer
control. The use of this technique relies on the temperature being constant over
the wavelength region of interest. Nevertheless, errors initiated by temperature
variations can be reduced by minimizing the optical path from the modulator to
the fibre grating. Another possible source of error is polarization variation of the
input field to the modulator. Several other techniques have included attempts to
keep these errors to minimum. In one demonstration [61], a measurement setup
based on the vector-voltmeter optically generates a frequency reference after the
modulator. This ensures that any amplitude and phase changes are common to
both the reference and the signal. In another demonstration based on an all-fibre
Michelson interferometric technique, the system incorporates a control signal at a
fixed wavelength far outside the measurement range [62]. It provides feedback for
adjusting the optical path of one interferometer arm with a fibre grating to

precisely equalize any path change in the other arm.
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1.7 REVIEW ON APPLICATIONS IN OPTICAL
NETWORKS

The fibre Bragg grating is capable of executing many functions in optical
communication networks as it features an ideal filtering property and tailorable
spectral or phase response. It may function to improve the performance of
system components, as well as a unit performing essential networking tasks.
There are already numerous successful demonstrations illustrating these functions,
which include the frequency stabilisation of semiconductor lasers, fibre lasers,
fibre amplifier optimisation, gain equalization, add/drop multiplexers, dispersion
compensation, phase conjugators, wavelength converters and fibre sensors; some

of these will be briefly described in this section.

A fibre Bragg grating is used as a feedback mirror to form an external cavity
for stabilizing a Fabry-Perot diode laser [63]. A weak grating with 1-10%
reflectivity is adequate to achieve robust stabilization and maximize the laser
output. This grating, with a narrow bandwidth, reflects a wavelength within the
gain bandwidth of the semiconductor material, setting the lowest loss lasing mode
at the Bragg wavelength. Furthermore, it suppresses undesired resonances and
narrows the spectrum of the lasing mode. This assembly reduces the sensitivity of
the diode laser to the temperature variation through the massive increase in the

total optical cavity length.

Fibre Bragg gratings are also used to conveniently define wavelength and
limit lasing to a single frequency in rare-earth doped fibre lasers. In a distributed
Bragg reflector (DBR) laser configuration, a few metres of erbium-doped fibre
provides the gain medium, while the intracore Bragg reflectors establish the
wavelength-selective resonator mirrors [64]. The doped fibre is optically pumped
at either 650 nm, 980 nm or 1480 nm. Typically, one of the mirrors is a
broadband 100% reflectivity grating, while the other is a narrowband grating
with 80% reflectivity, which also becomes the output coupler. By incorporating a
sampled grating in a ring configuration, the erbium-doped fibre is thus configured
as a multiwavelength laser. In this configuration, the grating serves as a comb

filter to promote lasing at the peak reflection wavelengths [65]. It is also possible
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to realize a single-mode operation by introducing a 7 /2 phase shift in the middle
of a single grating inscribed in a gain medium [66]. This structure describes the
distributed feedback (DFB) fibre laser. In addition, a fibre laser can also be
constructed using a length of highly nonlinear fibre with a set of highly reflecting
grating pairs. Lasing is achieved via stimulated Raman scattering, which
downshifts pump frequency yielding Stokes signals at longer wavelengths [67].
The laser output is extracted from a partially reflecting fibre grating (~20%) at
the final Raman shift stage.

The performance of fibre amplifiers can be enhanced considerably by
redirecting the residual pump light back into the gain region or passing the signal
lights into the doped fibre for the second time for further amplification. These
processes can easily be accomplished by utilizing highly reflecting fibre gratings
operating at the pump and signal wavelengths [68]. Reflecting only the pump
light may increase the amplifier saturated output power, while double passing
only the input signal may increase the small-signal gain. Undesirable bandwidth
narrowing may occur in optical links with a series of optical amplifiers due to
their uneven gain spectrum. In order to maximize the useful gain bandwidth,
fibre grating filters, with a loss spectrum matching the erbium gain spectrum at a

nominal operating condition [18-21], can be placed between these fibre amplifiers.

A low insertion loss and high channel isolation bandpass filter is formed by
simply placing a fibre Bragg grating in the second port of a three-port circulator.
It is transformed into an optical add/drop multiplexer by connecting another
circulator on the transmission end of the grating [69]. Cascading two 3-dB
couplers will build up a Mach-Zehnder interferometric arrangement, and
inscribing two identical gratings in both mutual arms enables this assembly to
perform the same function [70]. Simultaneous separation of N channels can be
achieved by placing a pair of gratings in each output port of a single 1: N fused
fibre coupler. These gratings are designed to reflect all channels except the

desired transmission wavelength [71].

Chirped or aperiodic gratings that reflect different wavelengths at different
points along the structure have been proposed to compensate for dispersion

penalties in operating the 1550 nm band on the installed base of non-dispersion
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shifted 1300 nm single mode fibre [41]. The device produces dispersion of opposite
sign and equal to that of the transmission fibre by coupling the signal into the
longer wavelength end of the grating. Alternatively, a uniform grating placed in
line with the transmission fibre can also cancel the anomalous chromatic
dispersion. This is effective only when the channel wavelength falls inside the long
wavelength edge of the grating stop band [72], so as to exploit the rapid change
of the time delay response in this region. Reversing the signal optical spectrum
approximately in the middle of the span can also undo the signal distortion
associated with dispersion. This is achieved through a process called phase
conjugation by utilizing the four-wave mixing effect. In one example of such a
nonlinear optical circuit, a fibre Bragg grating has efficiently assisted the
construction of a polarization independent optical phase conjugator by

functioning as the pump reflector [73].

A fibre Bragg grating may be located at the remote node of a WDM passive
optical network (PON) as an optical sensor for detecting temperature-induced
drift of the operating wavelengths of the channel router. It will reflect a probe
signal back to the central office for determination of the necessary adjustment to
the source wavelengths [74]. A fibre Bragg grating has also been used as a filter
at the output of a wavelength converter to reject spurious light at the input
signal wavelength. This wavelength converter is based on gain saturation of an
integrated multi-frequency laser [75]. The grating provides the required high

rejection and narrow stopband to prevent crosstalk and signal loss.

From the examples of the applications of fibre Bragg gratings in the optical
communication networks given in this section, it can be appreciated that this
device is reliable to perform those tasks and potentially many more. It would be
definitely advantageous for those devices to become reconfigurable or tunable so
as to facilitate the advancement towards realizing true flexibility in channel
management of future networks. It is for this reason that our research is

manoeuvred parallel to this foreseen evolution.
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CHAPTER 2

GAIN FLATTENING
TRANSMISSION FILTER

2.1 INTRODUCTION

Wavelength division multiplexed (WDM) transmission systems are
established by allocating communication channels to partitions in the optical
frequency domain. These systems are able to increase capacity on installed fibre
routes at a lower cost than installing new fibre cables. Additional functionalities
are expected when WDM systems incorporate wavelength add/drop capability for
optical networking. As a consequence to this evolution in optical communication
systems, new critical issues arise and need to be dealt with. These issues include
the deleterious effect of fibre dispersion, optical fibre nonlinear interactions

between channels and signal-to-noise considerations.

Many optical components contribute crucial roles in enabling WDM. Among
them, erbium doped fibre amplifiers (EDFAs) are known to be the key
components for the construction of long haul WDM transmission systems [4]. The
gain curve of a typical EDFA is however, nonlinear over the operational
wavelengths between 1530 nm and 1580 nm. Some channels are preferentially
amplified at the expense of another and this effect is accumulated along many
amplifier spans. Consequently, the WDM system capacity will be degraded. This
characteristic is disadvantageous to the performance of the EDFA and
necessitates gain equalisation. On this account, this research is dedicated to
designing gain flattening filters (GFFs) in order to address the detrimental effect
of gain non-uniformity of EDF As.
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This Chapter will begin with a brief background of the EDFA and be
followed with a review of the technologies currently used for gain flattening.
Then, our approach for designing the transmission filter based on the fibre Bragg
grating will be introduced. Gratings with modulated chirp rate and refractive
index change will be synthesized. The device responses will be simulated using
the transfer matrix method. Comparison with the layer-peeling inverse scattering
method [52] will also be provided for reliability assessment. Finally, the properties

of the designed devices will be discussed.

2.2  ERBIUM-DOPED FIBRE AMPLIFIER
AND GAIN FLATTENING

2.2.1 GAIN CHARACTERISTIC OF EDFA

The EDFA is an optical amplifier that faithfully amplifies lightwave signals
purely in the optical domain. It may function as a power amplifier to boost
transmitter power, as repeaters or in-line amplifiers to increase system reach, or
as pre-amplifiers to enhance receiver sensitivity in optical fibre transmission
systems. Furthermore, higher output powers and simultaneous amplification of
many wavelengths are possible, thus allowing reduction in the number of system
elements from a route design. This lowers system cost and improves system
reliability. It also offers the possibility to compensate for transmission loss of

signals independent of their modulation format or their channel data rate.

The amplification process is based on the principle of erbium ion stimulation
of the erbium-doped fibre by the pump laser [5]. The pump laser provides
constant optical energy at a fixed wavelength to excite electrons in erbium atoms
to a higher energy state. A portion of this energy is then transferred to the weak
incoming optical signal as the excited electrons return to their lower energy state.
The direction and phase of the energy emitted from the excited erbium atoms
corresponds to that of the incoming optical signal, so the weak optical signal is

amplified along its direction of propagation.
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The erbium atoms in the EDFA reside in a glass host, an amorphous material
that preserves most of the dynamics of the erbium energy states (Fig. 2.1). The
differences in local environments of erbium atoms within the glass matrix cause
subtle variations in the energy levels of erbium atoms. The multiplicity of the
energy levels is sometimes referred to as Stark splitting. This generates a wide
spectral bandwidth in the EDFA and thereby renders it suitable for WDM
applications. However, the transition probability for stimulated emission to occur
in an EDFA depends on the frequency of the photon. This wavelength-dependent
probability of amplification that is proportional to the gain factor, explains why

the EDFA has a non-uniform gain across its bandwidth.

E; *Hoyy
Ey Non-radiative transition % 514 nm s
re 32

Ey 4 630 nm *Fsn
Eq “F
- Q 715 nm e
EZ 514 nm 2 790 nm o 112

532 nm 2 850nm | 980nm 2
Es “Fop

670 nm 2 1140 nm
E, Lo
800 nm 2
E; ‘L
980 nm 1680 nm
E, Lz
1480 nm | 1520-1570 nm emission
E, Lsp
Ground-state absorption (GSA) Excited-state absorption (ESA)

Fig. 2.1. Energy levels of an erbium ion in a silica matriz [5].

The gain shape of an EDFA is also affected by the wavelength response of
the system components. Additionally, the amplifier gain uniformity is a function
of its operating conditions. The principal parameters include pump power, input
wavelengths and input power levels. At low input and high pump powers, the
gain peaks between 1530 and 1535 nm and plateaus between 1540 and 1560 nm.
The difference in gain between the peak and plateau can exceed 10 dB. However,

at higher input powers, the EDFA gain is more uniform.
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The gain shape of an EDFA has several peaks and valleys and will not
amplify signals that are at different wavelengths with the same gain. In a chain of
cascaded amplifiers, the signals near the peak of the gain will grow at the expense
of the other signals. The effective gain of the entire amplifier chain narrows as a
result of concatenation of gain spectra, which are individually narrowed. The
accumulated wavelength gain differences along the amplifier chain may exceed
the receiver dynamic range. Consequently, this will result in an imbalance in the
signal-to-noise ratios of the channels. Moreover, amplifiers operating at high
inversion levels tend to favour a strong ASE peak near 1530 nm, which robs the
gain and reduces the signal-to-noise ratios at the longer wavelengths. Filtering of

this peak then becomes necessary.

The gain non-uniformity not only can lower the signal strength, but also can
raise the power of certain channels. At the event when the total output power
and the output power per channel are above certain thresholds, optical
nonlinearities may occur [5]. These phenomena can distort the transmission
signals and overload the receivers. The substantial difference in signal amplitudes
of the channels at the receiver may also result in crosstalk leaking through the

demultiplexer from adjacent channels [29].

2.2.2 GAIN FLATTENING TECHNOLOGIES

The erbium-doped fibre amplifier intrinsically exhibits a limited flat gain
profile at wavelengths away from the peak gain. Thus, the amplifier can be
operated at these wavelengths to have the benefit of equal distribution of powers
of the various channels. The bandwidth of operation can be determined through
astute choice of pumping conditions [4]. Wavelength range with flat responses of
about 12 nm centred near 1550 nm or 30 nm centred near 1585 nm can be
achieved. This is, however, restrictive in terms of the available bandwidth and
overall channel capacity. Moreover, operating amplifiers at the latter bandwidth
region requires longer fibre lengths to achieve reasonable gain due to the lower
emission cross section in that region. In fact, this approach is also used for

making an L-band amplifier [76].
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Considering the complexity of demultiplexing and impairments by four-wave
mixing, channels should not be spaced too closely in WDM systems. To maximize
WDM capacity, it is desirable that the optical bandwidth of the system be as
wide as possible. Amplifiers with flat gain over a substantial spectral range are
thus desired. Requisite gain flatness for WDM transmission over long distances
can be achieved by imposing pre-emphasis of input signals [6]. The launched
powers are adjusted to make the signal-to-noise ratios equal at the output. The
usefulness of this technique is limited however, especially as the number of

cascaded EDFAs is increased and as channels are added and removed.

A wide flat bandwidth of operation has been implemented by the use of
alternating series of high inversion and moderate inversion amplifiers [7].
Nevertheless, due to the fact that the gain flatness in this technique is determined
solely by the inversion levels, it shows high sensitivity to system changes, since
such changes will alter the operating conditions and thus the inversion levels. A
number of similar approaches to this technique have also been demonstrated by
using multiple amplification stages, which are either in a cascade or split arm
configuration. One of these hybrid methods produces flat gain as a result of
superposition of gain spectra arising from amplifiers of different glass hosts or
compositions [8]. The same result can also be obtained by cascading a Raman
amplifier, which has an inverse gain slope to that of the erbium-doped fibre
amplifiers [9]. These last two techniques offer the advantages of having wide
bandwidth of amplification and allowing independent optimisation of each

amplifier for operation in a given wavelength band.

Change of silica host glass composition can also produce a flatter gain
spectrum. High concentration of aluminium or phosphorus co-dopant is
introduced in silica fibres to reduce the dip between the 1530 nm peak and the
1550 nm shoulder in the spectrum [10]. Alternatively, the fibre glass host has also
been substituted to obtain flat gain operation. A fluoride-based amplifying
medium produces significantly larger intrinsic flat bandwidth than silica, that is
about 30 nm, from approximately 1530 nm to 1560 nm, where the gain variation
is less than 1.5 dB (with an average gain of 26 dB) [11]. However, disadvantages

occur due to high fabrication complexity, difficult handling and higher noise
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figure due to its main pump wavelength of 1480 nm. Lower noise figure can be
achieved with 980 nm pump wavelength at the expense of gain efficiency. In the
same respect, tellurite host glass produces wider gain spectrum, but requires the
use of an equalizing filter for a flat gain profile. The alteration of glass
composition and the substitution of glass host comprise only a quite narrow set of
wavelength, span losses and amplifier parameters, thus other solutions have been

investigated.

In recent years, a variety of methods to flatten the gain have been
implemented by using external passive, or active, filters. These external filters
effectively induce transmission loss, matching the inverse gain profile of the
EDFA. Thus, they can help to significantly increase the bandwidth of the
transmission span. The earliest approach comprises an optical notch filter. The
mechanical filter is incorporated within the length of an erbium-doped fibre
amplifier. Its principle of operation is based on the resonant coupling between a
core propagating mode and a leaky cladding mode [12]. Another approach with
the same principle, utilizing D-shaped fibre with an overlay grating, has also been
demonstrated [13]. Split-beam Fourier filters [14] and thin film filters can also be

used to provide the necessary transmission loss.

A number of approaches that demonstrate loss tunability in gain equalizing
filters have been reported. The first demonstration uses an acousto-optic filter
[15]. The acousto-optic filter produces a wavelength dependent loss that can be
tuned electrically. A Mach-Zehnder filter used for the gain flattening purpose, can
also be tuned, in terms of the filter transmittance function, by means of a heater
attached to one of the interferometric paths that makes up the Mach-Zehnder
filter [16]. Tunable Fabry-Perot etalon filters have also been reported to be used

effectively as gain equalizers in long distance transmission systems [17].

Advances in fibre grating technology has resulted in pervasion of this
effective narrowband filtering element into the gain flattening application.
Different positioning of fibre Bragg gratings within an amplifying medium has
produced a pronounced flat gain over a wide bandwidth [18]. This is achieved as
a result of the difference in the amount of amplification experienced by each of

the reflected wavelength signals. Blazed gratings are also capable of flattening the
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gain [19]. The blaze parameters can be designed to couple the fundamental mode
of the single mode fibre into cladding modes with a given centre wavelength,
bandwidth and loss. Another equally successful demonstration utilising a long-
period grating has also been reported [20]. However, because the coupling of light
out of the core is obtained through a weak resonance, these gratings are highly
bend-sensitive and must be packaged carefully. More recently, a short period fibre
Bragg grating with specially designed strength and phase characteristics has also
been demonstrated for a similar application, which can also simultaneously

perform dispersion compensation of the signals upon reflection [21].

Despite their effective implementations, one common disadvantageous feature
of these passive filters is the trade-off between bandwidth and loss. More
attenuation needs to be provided at the wavelengths of peak gain in order to
obtain a wider bandwidth. This impacts either the noise figure or the output
power and gain, depending on the placement of the filter and the pump power

available for pumping the amplifier stages.

2.2.3 FIBRE BRAGG GRATING FOR GAIN FLATTENING

Generally, optical amplifiers are required directly after transmitters for
generating adequate power to overcome the optical signal power loss caused by
fibre attenuation. Its uneven gain profile however necessitates the addition of a
gain-compensating device at the output. Any spectral device that is designed to
flatten the output spectrum should impose minimal insertion loss. In this respect,
a fibre Bragg grating with an appropriate loss response curve could be operated

in transmission to perform the task, while eliminating the need for a circulator.

The transmission loss is found to be a function of the grating refractive index
change, as well as being inversely proportional to the chirp rate [21]. This
relationship is obtained by fitting the measured transmission loss with varying
refractive index modulation, or varying chirp rate through a nonlinear function.
It follows that these parameters are related to each other in compliance with the

following equations,
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where AT (2) is the transmission loss in decibels, 7 (2) is the fraction of modal
power in the grating, én(z) is the refractive index modulation, CR(2) is the
chirp rate in the grating (CR(2) = 0), and D(z) is the dispersion at a given
position in the grating. These formulas use the basic SI units for all quantities,
such that CR(z) and D(z) are in m/m and s/m, respectively. The value of the
chirp rate CR (2) must at least produce a grating with a bandwidth larger than
that of a uniform grating with the same length. Some or all of the parameters
may vary accordingly along the grating to facilitate distributed transmission loss.
In other words, the desired transmission loss at a particular operation wavelength
is induced at a distinct position in the grating, which has unique values of those
parameters. It is also noteworthy that the dispersion in the grating will be of no
significant consequence to the transmitted wavelength signals, since it does not
cause any path difference, in contrast to those that are reflected. Therefore, each
of the transmitted wavelength signals will arrive at the output end of the grating

after similar propagation time.

In this thesis, we propose a gain-flattening filter composed of only a single
fibre Bragg grating with either a modulated refractive index change and a
constant chirp rate, or a modulated chirp profile and a constant refractive index
change. The grating with a modulated refractive index and a constant chirp rate
is proposed to have its grating strength controlled by varying the “fringe
contrast” instead of varying the UV intensity during fabrication, in order to
acquire constant average effective refractive index, thus avoiding artificial period
variation (chirp). On the other hand, in order to modulate the chirp rate of a
grating with a uniform refractive index change, “period” modulation is selected to
linearly vary the Bragg wavelength as a function of position along the fibre axis,
instead of varying the local effective refractive index by UV treatment. This
could maintain constant average effective refractive index and also reduce photo-

induced loss.
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Several aspects have to be carefully considered in the design. For example,
the length of the grating, which may influence the packaging, the practical
refractive index change and the size of the fabrication system. Also, a practical
amount of refractive index change needs to be properly chosen since it may cause
unwanted photo-induced loss in the fibre and high complexity of the fabrication
process due to the requirement for higher photosensitivity. There is arguably the
necessity for apodisation. Hence, a trade-off between gain flatness and the
transmission ripple has to be appreciated. Last but not least, the number of
subsections in simulation would also influence the accuracy of the design with the

actual prototype.

2.3  DEVICE SIMULATIONS

2.3.1 MODULATION OF REFRACTIVE INDEX CHANGE WITH
CONSTANT CHIRP RATE
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Fig. 2.2. (a) Overlay of the original gain profile of the EDFA and the desired flat

gain window, and (b) the corresponding gain slope.

The grating models in the simulation are designed to flatten a 30 nm
bandwidth of a highly inverted erbium-doped fibre amplifier in order to

demonstrate the worst-case scenario. This condition corresponds to a gain
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spectrum with a 15 dB gain variation and the maximum gain slope of 4.5 dB/nm,
as illustrated in Fig. 2.2. The wavelength band to be flattened is selected so that
the highest possible average gain can be obtained within this bandwidth.
Consequently, the derived window of interest is found to be between 1525 nm

and 1555 nm.

Initially, a refractive index change profile of a grating with uniform period is
deduced from Equation (2.1), which should then provide a transmission loss
matched to the inverse of the nonuniform gain profile shown in Fig. 2.2.
Nevertheless, abrupt change at the edges of the resulting refractive index
modulation triggers broadband reflection, which then interferes with the
distributed reflection of the grating. This interference causes the gain amplitude

to acquire a ripple as shown by the simulated result in Fig. 2.3(a).

Fortunately, the broadband reflection can be dramatically reduced by
apodising the refractive index change profile. The resulting flattened gain profile
produced by the apodised grating is shown in Fig. 2.3(b). Also shown is the
apodised refractive index change in Fig. 2.4(a). A noticeable hump can be
observed at each end of the flattened wavelength band. This arises from the
alteration of the refractive index change within the apodisation regions, which is

thus unable to provide sufficient transmission loss to their associated wavelength

signals.
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Fig. 2.3. (a) Gain profile flattened by an unapodised GFF, and (b) Gain profile
flattened by an apodised GFF.
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It can also be appreciated that a further reduction in the amplitude ripples
can be obtained by increasing the percentage of the apodisation. Nevertheless, the
hump width will monotonically increase as well, thus reducing the flat gain
window. The effect of increasing the percentage of the apodisation is illustrated in
Fig. 2.4(Db).
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Fig. 2.4. (a) Overlay of refractive index modulations of unapodised and apodised
gratings, and (b) Gain profiles flattened by gratings with 7% apodisation (dashed
line), and 10% apodisation (solid line) respectively.

Both ends of these simulated 50 mm gratings are apodised to approximately
7% and 10% of their corresponding lengths respectively. As a consequence of this
effect, the grating will require a higher chirp rate in order to retain a flat gain
profile within the desired range of wavelengths. If the subsequent adjustment is

carried out, it would however result in a lower overall gain.

One elegant approach to resolve the effect due to the apodisation process is
to modulate the chirp rate itself within the apodisation regions to faithfully
provide the exact transmission loss. This approach is validated by the simulation
of the filtered gain spectrum, as shown in Fig. 2.5(a), while the revised chirp rate
profile is shown in Fig. 2.5(b). Approximately 7% of the total lengths of these

50 mm grating models are apodised at each side.
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Fig. 2.5. (a) Gain profiles flattened by apodised GFFs with constant chirp rate
(large humps) and with chirp rate corrections within the apodisation regions
(no humps), and (b) Chirp rate profiles of the GFF's without any correction

(constant values) and with corrections within the apodisation regions.
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Fig. 2.6. (a) Refractive index modulations of three apodised gratings with lengths
20 mm, 50 mm and 80 mm, and (b) Gain profiles flattened by the three gratings.

A few gratings with different lengths have been simulated in order to
demonstrate the importance of astute selection of the grating length. The lengths
considered are 20 mm, 50 mm and 80 mm, where all of the gratings are 7%
apodised at each end and their chirp rate profiles are also adjusted accordingly.

The maximum refractive index change required decreases with increasing grating
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length as illustrated by Fig. 2.6(a). It is then concluded that the length of the
grating may confine the selection of the type of photosensitive fibres, on which
the grating can be written, to only those that allow such a maximum refractive
index change. On the other hand, there is only a slight difference in the flattened
gain profile (Fig. 2.6(b)), thus this relaxes the constraint. Therefore, a
compromise is only required between the achievable maximum refractive index by

a particular fibre type and the packaging requirement.

2.3.2 MODULATION OF GRATING PERIOD WITH UNIFORM

REFRACTIVE INDEX CHANGE

Equation (2.1) also allows the synthesis of a nonlinear chirp rate profile of a
grating with a constant refractive index change for providing varying
transmission loss. However, having a constant refractive index change would
result in ripples in the flattened gain profile, as illustrated in Fig. 2.7(a). Again,
this can be explained by considering the internal interference due to the

broadband reflection at the grating front and rear edges.
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Fig. 2.7. (a) Gain profile flattened by an unapodised GFF, and (b) Gain profile
flattened by a GFF with 7% apodisation at each end of the grating.

Apodisation can be applied to minimize the ripples, but corrections on the

chirp rate modulation at the affected regions are necessary. The absolute
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difference in the flattened gain profiles between the unapodised and the apodised
gratings can be clearly seen in Fig. 2.7. Both gratings are 50 mm in length and
the second grating is 7% apodised with a raised-cosine function. The necessary
amendments to the chirp rate profile are shown in Fig. 2.8(a) for compensating

the apodisation process on the refractive index change, shown in Fig. 2.8(b).
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Fig. 2.8. (a) Overlay of chirp rate modulations of unapodised and apodised
gratings, and (b) Refractive index profiles of unapodised (constant values) and

apodised gratings.
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Fig. 2.9. (a) Chirp rate modulations of three gratings with lengths 20 mm, 50 mm
and 80 mm, and (b) Gain profiles flattened by the three gratings.
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The influence of the length of the grating on the chirp rate modulation profile
is also simulated and is illustrated in Fig. 2.9(a), accompanied by the
corresponding flattened gain profile (Fig. 2.9(b)). As anticipated, the maximum
chirp rate decreases with increasing grating length. Moreover, the longer grating
is found to produce a flatter gain profile with less amplitude ripples than the
shorter gratings. The latter behaviour is also observed with the GFF from the
first design.

The flatter gain profile exhibited by the longer gratings may arise from the
reduction in the rate of change of the grating parameters. This corresponds to
lower modulation values of the varying parameters. As a result, every point
within the grating structure is associated with a narrower local stopband [77].
The overlapping between adjacent bands is reduced, thus decreasing the negative
effect of interference. It is due to the same reason that a tiny hump is observed in
the spectral region with higher gain slope. This region is associated with the parts
of the grating that have relatively higher parameter values than the rest of the
structure. Consequently, these parts could not match the desired transmission
loss as well as the other parts. Finally, there is also a slight difference in
performance between the two differently designed gratings. The grating from the
second design noticeably produces a better gain flatness. It could be because the
values of refractive index change in this design are lower for a given grating
length, thus producing narrower local stopbands than those in the first design.
Overall, both designs comfortably satisfy the requirement for WDM operation,

which is no more than 0.2 dB.

2.3.3 COMPARISON OF DESIGNS FROM TRANSFER MATRIX AND

LAYER-PEELING INVERSE SCATTERING METHODS

The methodology used in the previous section provides an alternative
approach to the renowned layer-peeling inverse scattering method [52]. The
algorithms involved in the layer-peeling inverse scattering method need to be
strictly followed, otherwise the synthesized grating profile will produce a distorted

spectral response [52]. Consequently, there is no definite control of the grating
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parameters. The graph in Fig. 2.10(a) shows the refractive index modulation that
was obtained from the layer-peeling inverse scattering method. The grating has a
constant chirp rate of 14.8 nm/cm and approximately 10% of the total length at
each end of the structure was apodised with the Hanning function. Fig. 2.10(b)
gives the flattened gain spectrum, which exhibits a gain variation of roughly 0.2
dB. The equivalent results obtained in the previous section are also overlaid in
both graphs for the purpose of comparison. It can be seen that they are nearly
identical. However, in the layer-peeling inverse scattering method, a longer time
is required to process the necessary wide window of the targeted spectrum for
avoiding spectral aliasing. Furthermore, in order to synthesize the chirp rate
modulation of a grating while trying to retain a constant refractive index change,
it would require exhaustive iteration. The higher complexity and processing time

may merely produce an insignificant improvement to the gain flatness.
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Fig. 2.10. (a) Refractive index modulations synthesized from the inverse
scattering method and Equation (2.1) for apodised gratings with lengths around 20
mm and (b) Gain profiles flattened by the two gratings

2.4  PROPERTIES OF DEVICE

The utilisation of non-blazed short-period fibre Bragg gratings makes the

proposed devices advantageous relative to the previous gain flattening approaches
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due to their intrinsic features. They exhibit low temperature sensitivity (~10
pm/°C), although further improvement in temperature sensitivity can be
obtained by exploiting the standard grating packaging. Also, enhanced thermal
stability can be achieved through athermalisation. In comparison to those
approaches that utilized blazed or long-period gratings, our approach
demonstrates significantly lower sensitivity to fibre bending since the
transmission loss required is not obtained through cladding or radiation mode
coupling. It is also obvious that our GFFs are very compact indeed. Gain
flattening of the entire EDFA spectrum is obtainable by simply using one short
fibre grating. Consequently, it produces minimal insertion loss, which is also
attributed to the fact that the device is a fibre-based passive component.
Additionally, our GFF imposes relatively low fabrication complexity, which also
makes it less costly. It is also flexible, in that its spectral response can be tailored
to flatten arbitrary gain profiles of EDFA. Furthermore, it is believed to be
polarisation insensitive, since fabrications of gratings with polarization dependent
loss less than 0.1 dB and polarization mode dispersion less than 0.1 ps are now
routine [84]. Last but not least, since the gain flattening operation is in the
transmission configuration, its deployment does not require an optical circulator,

which makes it reliable and reduces systems cost.
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Fig. 2.11. Dispersion characteristic of signals at various wavelengths transmitted

from the GFF with a nonlinear period and a uniform refractive index change.
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Dispersion is found to be negligible for a majority of the bandwidth. The
simulated result in Fig. 2.11 shows that the variation in this parameter is very
small, except at the short wavelength edge of the wavelength band. Nevertheless,
the relatively large dispersion in this region can be moved further away by
expanding the device bandwidth of operation. However, overall gain has to be
reduced accordingly to meet the requirement for a smooth transition of the index
modulation. There is also an observable ripple, which is due to residual multiple
scatterings inside the grating structure, where the wavelength signals are
therefore highly delayed. Only the short wavelength signals suffer since they are
considerably attenuated. This effect can be reduced by extending the apodisation

length.

On the contrary, one may argue that back-reflection might degrade the
EDFA and induce co-propagating Rayleigh backscattering [78]. Another potential
drawback is that the GFF is only a static device. Therefore, it will be
incompatible with optical networks with varying system conditions (e.g. signal
power), which may be caused by system reconfiguration through channels adding

or dropping and unintended variations in link loss.

Despite these potential drawbacks, some solutions are believed to be in hand.
As it is known that an optical isolator is a prerequisite in every EDFA for
performance optimisation, back-reflection is no longer a problem. Cladding mode
loss can be suppressed through special design of the fibre used to write the
grating [43]. This fibre should have a high core-cladding refractive index
difference, high confinement factor and high numerical aperture. Alternatively,
the fibre may also have a photosensitive cladding. In order to solve the problems
caused by varying operating conditions, several trials have been reported.
However, it should be noted that these trials concentrate only on the amplifier,
none on the gain equalizer. These approaches comprise automatic-gain-control
loops using control of the pump power [79] as well as gain locking using an out-
of-band laser [80]. Other trials are to decouple the various signal channels by
using twin core fibres [81], independent amplification of each signal channel [82]

and cooling of the erbium-doped fibre in liquid nitrogen, thus converting it to an
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inhomogeneously broadened amplifier [83]. Nonetheless, these techniques are

costly and complicated.

2.5  CONCLUSIONS AND FUTURE DIRECTIONS

A cursory glance at the simulation results reveals that satisfactory gain
flatness is obtainable from the proposed devices (Fig. 2.6(b) and Fig. 2.9(b)).
This confirms that a linearly chirped fibre Bragg grating with modulated
refractive index or a fibre Bragg grating with modulated period and uniform
refractive index can be satisfactorily used as a gain-flattening filter in
transmission configuration. A gain excursion of less than the standard
requirement for WDM operation (i.e. less than 0.2 dB) has been easily achieved.
Both designs have been optimised to produce the highest average small-signal
gain for a given bandwidth of operation. Also, both GFFs exhibit a reduction in
the maximum gain and the average gain, but more importantly the useable

operational bandwidth has been significantly increased.

The research should proceed with the fabrication of a prototype for
evaluation of the proposed design. The continuous grating writing technique is
believed to allow the production of a prototype grating with the pre-designed
strength or chirp profile [84]. Nevertheless, the quality of the prototype should be
expected to deviate from that of the theoretical design due to surrounding
perturbations during the fabrication process, non-uniform cross-sectional
refractive index change in the fibre core or inaccurate characterisation from

measurement devices with inadequate resolutions [59].

GFF

EDFA EDFA

Fig. 2.12. The proposed GFF in two-stage erbium-doped fibre amplifier.
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The GFF can also be designed for the use of two-stage EDFA (Fig. 2.12). In
this configuration, the lossy GFF resides after the first stage amplifier, which
would suppress its influence on the noise figure. The output power loss of the first
stage amplifier caused by the GFF is compensated by the second stage amplifier,
which also acts as a power amplifier. Overall, this configuration will improve the

noise and gain characteristics of a single stage amplifier [5, 12].

WDM networks are also subject to being constantly reconfigured as the
nature of the signal traffic in the system changes. The change governs the
strength of the input signals to the amplifiers, which determines their level of
saturation and of population inversion. Thus, the gain profile of the erbium-doped
fibre amplifier will be proportionally altered. Furthermore, the input signal
channels are coupled since the amplifier is predominantly a homogeneously
broadened amplifier. Hence, the presence and absence of a given wavelength
channel will affect the gain of a signal at another wavelength. On the other hand,
passive filters are usually designed for a specific operating point of the erbium-
doped fibre amplifiers. Thus, they are not necessarily that robust when system
parameters vary and the spectral gain of the erbium-doped fibre they are
compensating for, changes. This research is essentially a fundamental stage that
may finally lead to the proliferation of a commercial cost effective reconfigurable
GFF with optimal performance. Feedback loops may probably be accommodated
to provide variation in the filter response based on the operating conditions. In
this way, equalization can be provided which is robust with respect to changes in

operating conditions.
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CHAPTER 3

RECONFIGURABLE OPTICAL
CODE-DI1VISION MULTIPLE ACCESS
PHASE ENCODER

3.1 INTRODUCTION

Future communication systems require higher speed and larger capacity
transmission. Optical multiplexing techniques have been adopted to cater for
these requirements. To date, wavelength-division multiplexing (WDM) and time-
division multiplexing (TDM) have been successfully deployed. However, one could
argue that WDM generates spectrally inefficient systems through dedication of
one wavelength per user, while TDM requires strict temporal synchronization of
the networks. Despite the seemingly almost unlimited bandwidth in current fibre
systems, the available frequencies in the transmission band of an optical fibre will
eventually be depleted if optical networks depend only on these conventional
techniques. Therefore, more efficient multiplexing techniques have to be

developed.

Recently, optical code division multiple access (OCDMA) has been identified
as a possible alternative technique to solve the future wavelength resource
problems. OCDMA can be overlaid onto the existing WDM networks to enhance
network versatility. Moreover, it allows flexible bandwidth management,
asynchronous operation, improved system security and the potential for much
higher connectivity [23]. A number of technical approaches for performing the
encoding/decoding process have been successfully demonstrated in recent years.

These include the use of arrays of discrete optical waveguide-based delay lines
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[22], arrays of optical waveguides with phase shifters [23], arrayed waveguide
grating (AWG) [24], cascades of fibre gratings [26], and superstructured fibre
Bragg gratings (SSFBGs) [28]. The development of the OCDMA systems also
takes into account the extension of the code length, which directly determines the
maximum number of channels. To date, 255-chip systems have been
experimentally demonstrated [85]. Nevertheless, evolution of optical transmission
systems to dynamically reconfigurable networks brings about an additional need
for this multiplexing system to acquire tuning capabilities. It is appreciated that
some of the previous approaches that utilise the planar lightwave circuits (PLC)
technology may allow tunability. However, these devices are difficult and
expensive to fabricate. Consequently, these requirements inspire further research
to produce a reliable, simple and economical reconfigurable code generator for

OCDMA systems.

A simple, yet effective reconfigurable device for phase encoding of optical
signals is introduced in this chapter. Its characteristics will be thoroughly
described through theoretical modelling, as well as laboratory experiments. This
chapter ends with demonstrations of the device application in several OCDMA

architectures.

3.2  OPTICAL CODE DIVISION MULTIPLE ACCESS

In principle, this technique uses codes to define the channels in transmission
systems. Each data bit to be transmitted is transformed into a sequence of pulses
(or chips) that forms an address code. This can be performed either in time
domain (direct-sequence (DS) OCDMA) or frequency domain (frequency-hopping
(FH) OCDMA). Fig. 3.1 provides the schematic representations of these
procedures. In DS-OCDMA, either the intensity (amplitude-shift-keying (ASK))
or optical phase (phase-shift-keying (PSK)) of the chips can be used for encoding.
On the other hand, the individual carrier frequency of each chip is varied

accordingly in order to form a code in FH-OCDMA.
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Fig. 3.1. Basic encoding schemes for optical code division multiple access:
Amplitude coding (left), phase coding (middle), and frequency coding
(right) where I, is the carrier intensity, ¢, is the carrier phase, ), is the

carrier wavelength, and T, is the chip period/duration.

The encoded signal f(¢), is given by the convolution between data signal
S(t), and code X (t), as follows [23]:

f)=X{#)@S5() (3.1)

N

where X (t)= "a,-6(t—T,(i—1)) and S(t):e’”"t-ipk-u(t—Tb(k—l)).

i=1 k=1

In X(t), 6(t), N and T, stand for delta function, number of elements and
time interval between each elements of the code, respectively. a,, ay ..., ay
represent elements of the encoding code, which may be in a form of, for example,

frequency, amplitude or phase. In S(¢), u(t), p, and T, are waveform of pulse,

payload data and bit time, respectively.

Only a specifically designed decoder can unambiguously recognise a particular
encoded data stream, which is achieved simply by matched filtering. The decoded
signal ¢(t), is given by

g(t)=5(1)®Cyy (1) (3'2)

where O\, (t) = X (1) ® Y (t) and Y(t):ibi-é(t—Tc(i—l)).
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In Y (), b, by ..., by represent elements of the decoding code. C\, (t) will
have the waveform of the auto-correlation function of the code if Y (¢) is identical
to X (—t). Ordinarily, the corresponding signal g¢(¢), has a large peak at every
centre of specified bits of mark (data ‘1’). On the contrary, g (¢) will not have a
large peak at any bit when Y (¢) is different from X (—¢). In this case, Cy, (1)
has the waveform of cross-correlation function of the two codes. Therefore, a
specific signal can be extracted from multiplexed signals through thresholding

procedures.

3.3 RECONFIGURABLE PHASE CODE GENERATION

3.3.1 PRINCIPLE OF OPERATION

Grating writing technology has advanced to a stage where precise control of
the strength and phase profile of the device is now possible. Ordinarily, a phase-
shifted grating is formed by shifting the phase of the rapidly varying refractive
index during the grating writing process. Since optical phase is a function of the
effective refractive index, a phase shift can also be imposed on the reflected light
by introducing a localised variation of this parameter along the propagation path.
Apparently, the effective index of a propagating mode is both temperature and
strain sensitive. This is dictated by the following equation [43]

An,, :%'AT—F%-AU (3.3)
where On, /OT is the temperature coefficient of refractive index, AT is the
change in temperature, dn,, /0o is the longitudinal stress optic coefficient, and
Ao is the applied longitudinal stress. The stress however needs to be cautiously
applied to the fragile grating and is difficult to adjust. On the other hand,
heating can easily be controlled and spatially confined. In addition, heating may
also produce stress as a result of volume expansion. The thermal expansion

coefficient of silica a; is approximately 0.55x107° /°C, whereas On,, /0T is
roughly 5.2x107° /°C . Therefore, the contribution of the thermo-optic effect

should be far greater than the thermo-elastic effect. Moreover, the temperature-
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induced index variation is impermanent, as long as the temperature does not
exceed the grating erasure temperature (~150 °C). Conclusively, applying
adjustable heating would be an effective method to control the phase shift

imposed onto the propagating mode.

This procedure can be further exploited for phase encoding in DS-OCDMA
systems. A reconfigurable code generator with multiple phase shifts can be
formed by deploying several variable heating elements at equal intervals along a
uniform fibre Bragg grating. The spatial phase profile of the device can be altered
to generate a desired code by simply adjusting the temperature at these chip
boundaries. A signal pulse can thus be directly transformed into a coded pulse

sequence upon reflection from the device.

3.3.2 DEVICE MODELLING

Two approaches can be used to model the proposed reconfigurable code
generator. In the first approach, the temporal and phase responses of an encoded
optical pulse are used to represent the characteristics of the encoder/decoder. On
the other hand, the second approach uses the transfer matrix to exactly describe
the device. The phase variation at the chip boundary is assumed to be a slowly
varying function of length, based on the kinetic theory of heat. Generally, the
theory states that the heat distribution between two points varies linearly.
However, in a small scale, a wire has a significant cross-sectional area, thus the
heat gradient will be modified by the heat radiation from the whole surface.
Simultaneous heat transfer via convection will also add pedestals to the heat
distribution profile. Therefore, it is reasonable to assume that a hot wire will
produce a heat distribution profile that takes a hyperbolic secant shape in an
optical fibre. In the simulation using the transfer matrix method, the effect of a
given heat distribution can be also modelled by modulating the local Bragg
wavelengths accordingly through its direct relationship with the modified effective
refractive index in the phase-matching condition (A, =2nA ). Fig. 3.2 shows
the Bragg wavelength profile in the vicinity of a number of localised heating

points.
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Fig. 3.2. The heat-induced Bragg wavelength modulation.

In accordance with the phase-matching condition, a variation in the local
effective refractive index An, , will appear as a shift in the local Bragg

wavelength A\, , such that
Adg =2-Ang - A

— eff Y
- B

Ny (3.4)

where ), is the grating’s initial Bragg wavelength, A = ), /2n,, is the period of
the grating and n,, is the effective refractive index of the core. The variation in
the effective refractive index will also cause a phase change A¢ to the

propagating light, given by

%—Aﬁ-Az

27
= An, - Az (3.5)

B
where Az is the length of a very small grating subsection and 3 = 27n,, /A, is
the propagation constant. Therefore, combining Equation (3.4) and Equation (3.5)
will give the accumulated phase shift A¢, associated with each Bragg wavelength

variation at the chip boundary, as follows
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4mn

Ap ~ T;ﬁZAAm Az, (3.6)
where ¢ denotes the associated local parameters. Either the overall Bragg
wavelength profile or the multiple gradual phase shifts can be incorporated into
the piecewise uniform analysis (transfer matrix method) to efficiently calculate
the complex reflection coefficients of the device. Fourier transformation of the
product of the complex reflection coefficients with the spectral response of the

transmitted pulses will then give the auto-/cross-correlation.

The heating element changes its temperature because of the transformation
from the electrical energy to heat energy, in compliance with the principle of
energy conservation. This temperature rise causes variation in resistance that
leads to a non-linear voltage-current characteristic. The ratio of a specific voltage
over the corresponding current will give the resistance of the conductor at that
operating temperature. An example of the variation of resistance with current is
plotted in Fig. 3.3, which exhibits an excellent resemblance to an exponential

function. Therefore, this relationship can be mathematically expressed as,
R=R, - (3.7)

where ¢, is the fitting constant and R, is the small-signal resistance, which can

also be calculated from

R, =1 (3.8)

where p, is the resistivity at room temperature (tungsten: 5.4 x107° Qm ), [ is

the length and A is the cross sectional area of the conductor.
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Fig. 3.3. Resistance against current for a tungsten wire with a length of 20 cm

and a diameter of 18 um. The fitting function (Equation (3.7)) uses R, = 455}

and ¢, = 5.8x 107 . The fitted small-signal resistance R, is close to the calculated

value of 42.44 2 from Equation (3.8).

On the other hand, the temperature coefficient «, of resistivity is defined as,
(3.9)

where T is the temperature and p is the resistivity. The solution to this
equation assumes an exponential form. Since the resistance is proportional to the

resistivity, the solution can be rewritten as,

R=R, " (3.10)

where AT is the temperature change (Tungsten: a=4.8x10"K " ). By
comparing this equation to Equation (3.7), it is evident that the current is
directly proportional to the temperature change. Moreover, following the fact
that the temperature change shifts the local Bragg wavelength, it is worth
recognising that the current is therefore directly proportional to the peak shift in
the Bragg wavelength modulation, but not to the phase shift. The latter

behaviour can be observed in the variation of the acquired phase shift with the

temperature (or current) as illustrated in Fig. 3.4.
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Fig. 8.4. Analytical model of the temperature change as a function of the acquired

phase shift.

3.3.3 DESCRIPTION OF DEVICE

Gratings with various lengths have been used to investigate the idea of this
reconfigurable code generator. The uniform Bragg gratings used for the
demonstration are 10 mm, 40 mm and 80 mm long and are written in a standard
telecom compatible fibre with an NA ~ 0.12. The uniform coupling coefficients in
the gratings are ~81 m™, ~33 m' and ~12 m" respectively. The gratings are
written using our continuous grating writing technique operated with CW UV
light at 244 nm. Thin tungsten wires (18 pm or 25 um diameter) are wrapped
around or laid on top of the grating to ensure a firm contact in a small confined
area. A single N-chip code generator with a chip-duration of 7, s is constructed
by positioning N-1 parallel tungsten wires L, m apart along the fibre grating
with the first wire being placed L, m into the grating, where

T 2arke (3.11)
c
where ¢ is the speed of light in free space. In the real device configuration, the

amount of temperature rise is controlled independently by varying the current
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flow with a variable potentiometer inserted in each parallel circuit. In addition,
the fibre grating can be mounted on a stretcher to allow tuning of the grating’s

central wavelength. The structure of the proposed device is illustrated in Fig. 3.5.

L m-chip Fixed clamp

Fibre Grating
To -ve terminals

Movable clamp Variable Potentiometer

Fig. 8.5. Schematic structure of the reconfigurable encoder/decoder.

3.3.4 CHARACTERIZATION OF THE DEVICE

Experiment

Dip wavelength—— - Theory

Reflectivity, R (dB)

0+ ; ;
1548.2 1548.4 1548.6 1548.8 1549.0 1549.2
Wavelength, A (nm)

Fig. 8.6. Spectral reflectivity response when a w-phase shift is induced at the

centre of a 10 mm uniform grating.
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The phase response of the device with current can be determined through

experimental observation of the dynamic behaviour of the grating spectrum under

heat treatment. One of the traceable varying features is the dip wavelength

within the grating bandwidth. This feature corresponds to a very narrow

linewidth transmission loss within the grating passband, as illustrated in Fig. 3.6.

Fig. 3.7 and Fig. 3.8 show this behaviour for 10 mm and 40 mm gratings

respectively with their corresponding simulated phase responses. The acquired

phase shift can thus be deduced from the measured excursion, relative to the

grating’s initial Bragg wavelength, by calibrating with the simulation curves.
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Fig. 3.7. Phase response with dip wavelength detuning of the 10 mm grating.

0.04+ "

0.02

0.00+

Experiment
Theory

0024

Wavelength Detuning, A\, (nm)

0 20

0 60 80
Current, I (mA)

100

120

Phase Shift, A¢ (rad)

2.07

0.57

0.07

—o— Theory

2002

000 001 002

Wavelength Detuning, A\, (nm)

001

Fig. 3.8. Phase response with dip wavelength detuning of the 40 mm grating.
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Fig. 8.9. Phase response with extinction ratio between main and left lobes for the

40 mm grating.
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Fig. 3.10. Phase response with extinction ratio between main and left lobes for the

80 mm grating.

However, when the bandwidth of the grating under investigation is narrow,
this approach is unlikely to be accurate due to high sensitivity to variation of the
surrounding temperature. The study has also discovered that the height
difference between two adjacent side-lobes or between the main and the first left
side-lobe can be indirectly used to extract the required information. Similarly,
comparison with their simulated responses will determine the magnitude of the

phase shift for a given current. This approach has been satisfactorily
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demonstrated on 40 mm and 80 mm gratings. Their measured and simulated

responses are illustrated in Fig. 3.9 and Fig. 3.10 respectively.

3.4 DEVICE IMPLEMENTATION IN OCDMA
ARCHITECTURES

The proposed reconfigurable code generator has been included in several
systems of various configurations to demonstrate its potential in OCDMA
implementations. Initially, a simple encode-decode experiment is demonstrated in
which this form of device is used at both the transmitting and receiving sides. In
this demonstration, only bipolar phase shift keying (BPSK) is used. Then, the
code sequence generation is enhanced in the subsequent experiment by employing
a quaternary phase shift keying (QPSK) configuration and extending the number
of chips. The reliability of its code generation is also confirmed in this experiment
through evaluation of the code recognition by superstructured grating decoders.
Finally, this device is applied in a system with a bi-directional add/drop

configuration.

3.4.1 ALL-RECONFIGURABLE CODERS CONFIGURATION

The tuning characteristic for the devices used in this configuration is deduced
from measurements of the dip wavelength detuning. For this particular
experiment, only the electrical current to produce a m-phase shift is required for
bipolar phase shift keying operations. The measured value has been validated

through simulations, as shown in Fig. 3.11.

The gratings used in this system are both 40 mm long with peak reflectivity
of about 75% corresponding to a uniform coupling coefficient in the grating of
approximately 33 m™. Seven tungsten wires with 25 um diameter are wrapped
tightly around the grating at equal distance of 5 mm apart. Consequently, an 8-

chip encoder/decoder with a chip-duration of 50 ps is obtained.
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Fig. 8.11. Phase shift as a function of current deduced from the dip wavelength

detuning (left) and from the extinction ratio between main and left lobes (right).

When a current flows in each wire, the electrical energy will be eventually

converted into heat energy. The heat is transferred to the optical fibre through

processes of radiation, conduction and convection. This will result in a heat

distribution profile that resembles a hyperbolic secant function within a finite

length. Consequently, the local effective refractive index is modified according to

the thermo-optic effect. Light that passes through this region will then acquire a

phase shift equal to the amount given in Equation (3.6).

Reconfigurable
Decoder

10 GHz Clock  Pulse Selector

Circulator EDFA

Tunable Laser
A =1545.654

Diagnostics

Reconfigurable
Encoder

Fig. 3.12. Experimental setup.

The experimental setup for the system is shown in Fig. 3.12. CW signals from

a tunable laser source are passed through an electro-absorption modulator (EAM)
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to generate a 10 GHz pulse train of 20 ps pulses before being amplified and
passed through an electro-optic modulator (EOM), generating 20 ps pulses at a
repetition rate of 622 MHz. These pulses then are fed into the reconfigurable
encoder. M-sequences or also known as maximal length sequences are used in this
experiment to provide the codes. Codes with lengths of 2" —1 can be generated
by a number of L shift registers or delay elements [86]. This scheme is chosen as
it is the most basic bipolar coding scheme and it can produce a sufficient auto-
correlation contrast between the peak and the sidelobes. It can only provide a
pair of perfectly orthogonal codes (for example, an orthogonal code to “0, =, 0, 0,
7w, 7, n” would only be “m, 0, 7, m, 0, 0, 0") . However, it can still produce
low cross-correlations between the other quasi-orthogonal codes. An M-sequence
“O, w, 0, 0, m, w, w, 0’ is tuned into the uniform grating by heating the
appropriate wires in accordance with the tuning characteristics shown in Fig. 3.11.
Hence, the 7 -phase shift is obtained at a current value of 78 mA. The time-
response of this code is shown in Fig. 3.13(a). At the receiving side, the other 40
mm uniform grating was tuned to the inverse code “0, w, =, w, 0, 0, w, " to
perform the decoding action. The time-response of this code is shown in Fig.
3.13(b).
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Fig. 3.13. Oscilloscope traces (measured: solid line and calculated: dashed line)
after reflection off the grating configured to the bipolar phase code shown in the

inset.

The auto-correlation of the measured decoded signal is shown in Fig. 3.14(a)

(solid line) showing only a slight broadening from the theoretically expected pulse
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(dashed line in Fig. 3.14(a)). By tuning the decoding grating to a quasi-
orthogonal code sequence “0, 0, m, 0, 0, w, w, w” the quality of the cross-
correlation could also be assessed (Fig. 3.14(b)), again confirming only a slight

broadening compared to the theoretically predicted time response.
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Fig. 3.14. Traces of (a) the intensity auto-correlation, and (b) the intensity cross-
correlation of the 20 ps input pulses subjected to “0, w, 0, 0, m, w, w, 0” phase

coding (measured: solid line and calculated: dashed line).

3.4.2 RECONFIGURABLE AND FIXED SUPERSTRUCTURE BRAGG
GRATING CODERS CONFIGURATION

Quaternary phase shift keying is attempted in this experiment as a means to
expand the available codes. Therefore, predetermination of the values of the
electrical current for 0.5w, m and 1.5m phase shifts is necessary. However, it was
impossible to get the magnitude of phase shift out of the dip wavelength detuning
since the measurements deviated considerably from the theoretical curve. At this
stage of the research, the theoretical model of the device had not been extensively
studied. Consequently, a crude assumption was made regarding the tuning
characteristic of the device in order to allow the experiment to proceed with the
quaternary phase shift keying operation. The assumption was that a very well
confined heating was realised at every chip boundary by using wires with 18 pm

diameter. It follows that the increase in the effective refractive index should be
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constant along a very small length of fibre which touches the wire. Since the
phase shift is proportional to the integral of the Bragg wavelength profile along
the fibre as implied by Equation (3.6), it is now directly proportional to the
temperature of the wire. It has been verified in Section 3.3.2 that the temperature
change varies linearly with current, thus the phase shift can be said to be
proportional to the current. Additionally, the m-phase shift was assumed when
the height difference between the first and second sidelobes was at a maximum.
The remaining magnitudes of phase shifts were obtained through linear
extrapolation. As a result, the values of electrical current used to produce 0.57,

m and 1.57 were 30 mA, 60 mA and 90 mA respectively.
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Fig. 3.15. FExperimental setup.

The experimental setup is shown in Fig. 3.15. The transmitter consists of a
tunable laser operated at 1548 nm, an electro-absorption modulator (EAM), an
electro-optic modulator (EOM) and a reconfigurable optical encoder (as described
above). The EAM is used to generate a 10 GHz pulse stream with the full width
at half maximum (FWHM) of 20 ps. The pulse stream is amplified and passed
through the EOM, reducing the repetition rate to 622 MHz. Reflected pulses from

the encoder are then split into two arms of a 3-dB coupler, each consisting of a
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superstructured fibre Bragg grating (SSFBG) decoder of different phase sequence.
The transmitted pulses are pre-amplified by an optical amplifier before being
decoded and received by a photo-detector. Output signals are observed on an
oscilloscope. Additionally, the bit-error-rate performance of the system is tested
by feeding electrical data from a pseudo-random pattern generator (PPG) into
the EOM, while an error-detector is connected at the receiver. The reconfigurable
encoder is set to the inverse code sequence with respect to either one of the
SSFBG decoders so that the time-reversal operation can be performed. This is
done by independently adjusting the electrical current flow at the chip boundaries
to their associated values. The pulses are then modulated to this phase code,

upon reflection from the grating, via a circulator.
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Fig. 3.16. Traces of the intensity auto-correlation (left) and the intensity cross-
correlation (right) of the 20 ps input pulses subjected to phase code “0, 0, 0,
157, 1.57, 0.57, 1.5, 0.57, 0, w, 1.57, 0.57, 0, 0.57, m, ©” (measured:

solid line and calculated: dashed line).

The 16-chip QPSK coded pulse stream is individually decoded by the
SSFBGs at the receiver, both operating at the same central wavelength of 1548
nm. Fig. 3.16 shows the relative intensity distribution of a bit of the decoded
signal in the matched and unmatched cases for the SSFBG with address code “0,
0,0, 1.57, 1.5, 0.57, 1.57w, 0.57, 0, w, 1.57, 0.5, 0, 0.57, w, w”. On the
other hand, Fig. 3.17 represents that of the SSFBG with address code “0, 0, 0.5,
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w, 0.57w, 1.57n, w, 0, w, 0.57, 0, 0.57, 1.57, 0, m, 0’. The overall extinction

ratio between auto- and cross-correlation is found to be approximately 71%.
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Fig. 3.17. Traces of the intensity auto-correlation (left) and the intensity cross-

correlation (right) of the 20 ps input pulses subjected to phase code “0, 0, 0.57,

7w, 0.57, 1.57, @, 0, w, 0.57, 0, 0.57, 1.57, 0, w, 0”7 (measured: solid line
and calculated: dashed line).

Additional power loss of the recovered signals is anticipated for OCDMA
systems employing the proposed reconfigurable encoder. This stems from the fact
that each phase shift may not be exactly discrete as it is distributed over a finite
length. The power loss will further deteriorate if the concerned phase sequences
are not entirely accurate. The tuning characteristic for the 80 mm grating,
deduced from the extinction ratio between main and left lobes of its reflectivity
spectrum, is shown in Fig. 3.18. It reveals that the acquired phase shifts for the
current values wused are instead 0.147 , 0.627 and 1.61m respectively.
Subsequently, the realised phase sequences differ from the intended phase

sequences and are illustrated in Fig. 3.19.
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Fig. 3.19. Intended 4-level phase code sequences (left) and their actual phase

sequences (right) after analysis.

As a consequence, the intensity of the acquired auto-correlation is far away
from the ideal. The relative intensity reduction can be appreciated from Fig. 3.20.
This estimation is supported by the bit-error-rate measurements for the two
codes, presented in Fig. 3.21. The power penalty of approximately 2.5 dB, with
respect to the laser back-to-back response, is observed. In addition, Fig. 3.20 also
indicates that the power loss will be accompanied by a slight pulse broadening.

The analytical auto-/cross-correlations of the device, reconfigured to the false
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phase codes, show a reasonable agreement with their measured responses in Fig.
3.16 and Fig. 3.17.

1.0 N SSFBG (True code 1): 1.04 R SSFBG (True code 2):
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Fig. 8.20. Simulated traces of the intensity auto-correlation due to inclusion of the
reconfigurable encoder tuned to the accurate QPSK codes and also to those
realised in the experiment (SSFBG and RFBG stand for superstructured and
reconfigurable fibre Bragg grating respectively).
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Fig. 3.21. Bit-error-rate measurements under the influence of the reconfigurable
encoder in comparison to that using a superstructured grating encoder and also

for the back-to-back laser (SSFBG and RFBG stand for superstructured and
reconfigurable fibre Bragg grating respectively).
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Despite this error, good autocorrelations (Fig. 3.16 and Fig. 3.17) and wide
eye diagrams (Fig. 3.22) measured in this demonstration, sufficiently justify its
practical implementation. This also indicates high tolerance of the device to
offsets in the phase shifts, yet the low cross-correlations confirm its excellent
channel selectivity. Most importantly, considerable improvement to the recovered

signals is expected as predicted by simulations.

500.0 ps/div B 500.0 ps/div

Fig. 3.22. Eye diagrams obtained when the encoder is reconfigured to the
attempted phase sequence c1 (left) and c2 (right).

The effect of misallocation of the phase shifts from their correct positions is
also theoretically investigated. In this analysis, initially, the phase shifts in a 16-
chip encoder with 5 mm chip-length are all displaced by the same amount and
direction. This condition is intuitively chosen because it could be the main source
of error, derived from the mounting procedure. While constructing the device, the
spacing between heating wires can be precisely determined, but the exact location
of the grating is a bit uncertain. Nevertheless, the results shown in Fig. 3.23(a)
suggest that the effect is negligible for misallocation of up to 60% of the chip
length. It could be because only the first and last chips, in effect, have false chip-
durations, thus they do not have a significant effect on the relatively large
number of the total chips. However, for an encoder with the same chip-length but
fewer chips, the influence of the phase shifts’ misallocation decreases as the
channel selectivity becomes slightly poorer [28]. In addition, the sensitivity to the
phase shifts’ misallocation increases as the chip-length is reduced while the

number of chips is kept the same. The variations of the normalised intensity
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auto-correlation as a function of phase shift misallocation distance, due to
changes in chip-length and number of chips, are illustrated in Fig. 3.23(b).
Another potential effect to study is the erratic misallocations of the phase shifts.
This corresponds to an inconsistent amount and direction of displacements of the

phase shifts.
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Fig. 3.23. (a) Variation of the traces of the intensity auto-correlation as a result
of misallocation of the phase shift, and (b) the intensity auto-correlation against

phase shifts misallocation distance for various chip-lengths and numbers of chips.

3.4.3 BI-DIRECTIONAL CLOCK DISTRIBUTION ARCHITECTURE

This experiment demonstrates the application of the reconfigurable
encoder /decoder in an enhanced OCDMA system. The system configuration of
the previous experiment is expanded to include add/drop and bi-directional
operations. The experimental setup of the system is illustrated in Fig. 3.24. Two
WDM carriers at 1548.07 nm and 1548.87 nm are simultaneously modulated by
an electro-absorption modulator to generate two independent 10 GHz pulse trains
of 20 ps width. Only the optical carrier operating at 1548.07 nm is fed with
electrical data from a pseudo-random pattern generator (PPG1), by an electro-
optic modulator (EOM). Encoding procedure of the data stream is then

performed by a reconfigurable encoder tuned to a specific phase code sequence.
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Their intensities are also carefully equalised to ensure uniform signal-to-noise
ratios. The two carriers are then multiplexed before being broadcast onto a 10 km
optical link of dispersion shift fibre (DSF). On the other end of the link, the
encoded data stream is unambiguously decoded by a superstructured grating

decoder with the inverse phase code sequence (SSFBG #1 or SSFBG #2).

Tunable 10GHz Bandpass filter
laser clock (1548.87nm)
[_4
— 3-dB
1548.87nm Attenuator coupler

Tunable
laser

Circulator Diagnostics

]
Q Polarisation CD@

coupler coupler

1548.07nm controller ——
Circulat D)
E Irculator Reconfigurable encoder SSFBG #4 EDFA
—— 991 SSFBG #1
Diagnostics (1548.07nm) 3-dB coupler A @ )
& Circulator C(3n-ld]13 Circulator | 10km DSF
] o >
— Polarisation
— <8 SSFBG# EDFA | SSFBG#3
Diagnostics (1548.07nm) controller | (1548 87nm)

PPG2

Fig. 3.24. Experimental setup.

Concurrently, the untampered carrier at 1548.87 nm is modulated by another
electro-optic modulator in response to the data supplied by a pseudo-random
pattern generator (PPG2) and is subsequently encoded by a distinct
superstructured grating encoder (SSFBG #3). This wavelength channel is
reflected upstream to be recognised only by another superstructured grating
decoder operating at the same wavelength (SSFBG #4). The bit-error-rate (BER)
performance of the system is monitored at every end terminal. The measured

readings are presented in Fig. 3.25.
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Fig. 3.25. Bit-error-rate measurements at various terminals (SSFBG and RFBG

stand for superstructured and reconfigurable fibre Bragg grating respectively).

The results indicate an acceptable quality in terms of data transportations by
the proposed device. Only approximately 2.5 dB power penalty is observed for
every phase code sequence investigated. This experiment thus confirms the
potential of this device to contribute as a main unit of a highly flexible OCDMA
system. In another observation, settling time after code switching seems to be an
issue. The temperature change induced by the current also changes the
surrounding temperature proportionately. This process consumes certain time
duration to reach equilibrium since the heat transfer occurs via convection. This
is happening in approximately 10 to 30 minutes during the experiment.
Nevertheless, the time taken can be substantially reduced by adding a

temperature controller element in the configuration.

3.5  CONCLUSIONS AND FUTURE DIRECTIONS

We have demonstrated that a uniform fibre Bragg grating can be used in
reconfigurable phase-encoding/decoding applications by deploying fine heating
elements at equal intervals along the fibre grating. The device has been shown to
generate code sequences with bit rates of 20 Gchip/s in bi-polar and quaternary
PSK operations. In these experiments, it can satisfactorily reconfigure 4-bit or 16-

bit PSK codes in the coherent OCDMA systems. Good auto-/cross-correlation
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obtained through match filtering with a phase-encoded superstructured fiber
grating indicates very precise dynamic code sequence generation and recognition

by the device. BER measurements also show excellent data transportation.

Our results also verify the possibility of channel expansion through
exploitation of the continuous phase-shifting capability of our proposed device.
Therefore, more phase levels can be experimented. On the other hand, the
heating elements are observed to change the surrounding temperature as the code
is reconfigured. This problem can be definitely resolved by integrating a
thermoelectric module to maintain a constant operating temperature. There is
also a possibility to reduce the chip duration and hence increase the chip rate of
the code sequences. However, the heating spots may need to be absolutely
confined. One possible way to achieved this is by etching the cladding to reduce
the fibre diameter so that the wires can be positioned closer to the core, where
the grating is actually formed. In conclusion, this device will definitely find
important applications in future optical networks as it enables flexible channel
management. Possible applications could be header generation/recognition in all-
optical packet switched networks as well as coding in advanced OCDMA

architectures.

71



Chapter 4: Bragg Grating Package for Continuous Tuning

CHAPTER 4

BRAGG GRATING PACKAGE FOR
CONTINUOUS TUNING

4.1 INTRODUCTION

Currently, there are numerous applications of fibre Bragg gratings and
related devices in both the telecommunications and sensing fields. Their rapid
advancements are due to the inherent fibre compatibility and the flexibility they
offer for achieving desired spectral characteristics. The latter follows from the
discovery of the side writing technique, which permits the realisation of Bragg
gratings of any operational wavelength. However, a strong evolution of the
optical transmission systems to dynamically reconfigurable networks brings about

an additional need for this crucial component to acquire tuning capability.

The Bragg wavelength of a grating can be altered by changing its period or
by changing the index of refraction of the waveguide host. These changes
typically can be induced either thermally or mechanically. The achievable tuning
range is limited by the tolerable extremes of either of these. Change in
temperature linearly shifts the Bragg wavelength, with contribution from the
thermo-optic effect as well as the thermo-elastic effect. Low temperature
sensitivity of the device requires considerably high temperature just to obtain
wavelength shifts in a nanometer regime. On the other hand, mechanically
induced strain physically extends or compresses the grating period, which leads to
a linear shift of the Bragg wavelength in conjunction with the refractive index
change in the grating through the strain-optic effect. The excellent tolerance of
silica-glass fibres to mechanical strain makes strain tuning preferable for

achieving a wide tuning range.
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Extensive research into techniques for truly tunable fibre Bragg gratings
yielded a variety of strain tuning techniques. Most of them are based on the
concept of applying axial strain, either through lateral compression [30,31] or
elongation of the grating [32]. The tuning range remarkably has been extended
to 45 nm, but these demonstrations typically have required both complicated and
bulky components to perform the tuning action. Furthermore, the maximum
grating length is usually limited to only a few millimetres so as to avoid bending.
Recently, a much simpler tuning technique has been reported by S. Y. Set et. al.,
based on a beam bending technique [33]. The technique is found to be capable of
maintaining all grating parameters over a broad tuning range, as a direct result
of the uniform axial strain provided by the bending. Nevertheless, the arc shape
of the beam is obtained through a bulky mechanical structure. This research
takes the initiative to simplify the structure into a compact package that can also
provide the same tuning quality, which will be wverified through empirical

characterisations.

This chapter explains the mechanics and construction of a novel tuning
package. The filtering quality of the package will be fully characterized and
analyzed. Eventually, we will demonstrate its applicability in essential optical
systems, which include an all-fibre distributed feedback laser (DFB), a high

power fibre laser and an optical add/drop multiplexer.

4.2 BRAGG WAVELENGTH TUNING THROUGH
COMPRESSION

4.2.1 ELASTIC THEORY OF BENDING

When bending occurs, the beam is subjected to tensile and compressive
stresses simultaneously, where stress is defined as force per unit area that the
force acts upon. A structural element subjected to tension and compression is
elongated and shortened respectively. It follows that there is a line or region of

zero stress between the two surfaces, called the neutral axis. The change in length
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of a stressed structural element divided by the original length of the unstressed

element is defined as strain.

L, Neutral axis

Neutral axis

r\ds-/v‘

e dz ——

Fig. 4.1. Undeflected beam (left) and beam deformed by pure bending moment
(right).

In order to visualise the beam’s geometric relationships, the schematic of a
bending beam is shown in Fig. 4.1. The dashed lines in the diagram represent two
transverse planes of the material and the neutral axis. The planes will remain
perpendicular to the neutral axis even after bending. Thus, as the beam bends,
developing a curve in the neutral plane that reflects the bending, the tops of
these planes become closer together (compression) while the bottom parts

experience elongation (tension).

Consideration of a unit segment of a bending neutral plane with length ds,

which has a radius of curvature of R,, and forms a sector angle df , indicates that
ds =R, -df (4.1)

A segmental plane at some distance h,, from the neutral plane will then

stretch /shorten to

ds, =(R. £h,)-db (4.2)

74



Chapter 4: Bragg Grating Package for Continuous Tuning

Therefore, the longitudinal strain in the plane is

ds, —ds
g, =———
ds
(R *h)-do—R, -df
B R -df
— 4
R (4.3)

where positive and negative signs indicate tensile and compressive strain,
respectively. A material behaves elastically when it returns to its original shape
when an applied load is removed. The stress point where the material stops

behaving elastically is called the yield stress o This point is found by plotting

yield *
stress versus strain and determining the stress at which the plot becomes non-
linear. The slope of the stress-strain curve in the elastic region is defined as the
material modulus of elasticity (or Young’s modulus), denoted by E. The stress-

strain relationship that is applicable for linear-elastic bending is given by
£, =—= (4.4)

where o, is the stress, which is given by

_dF
© o dA

o (4.5)
where A is the total cross-sectional area and F is the longitudinal force acting on

the cross section. Combining Equation (4.3) and Equation (4.4) will then give

E
o, =ft—h, 4.
R (4.6)
Typically, a beam of regular shape that is made up of a homogeneous
material has its neutral axis at half the height. On the other hand, the effective
neutral axis of a composite beam (beam made of two or more different materials)

will be at a different location, symbolized by H (Fig. 4.2).
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w;

Fig. 4.2. Beam made of two materials with a different modulus of elasticity.

In order to determine this location, the equilibrium condition of the forces

imposed on transverse planes of each material is used, which states that

f o, dA,
4,

where F, is the component of forces acting on the element of area dA,. Young's

ZEZZ

0 (4.7)

modulus for the material is assumed to be the same in tension and compression.

Substituting Equation (4.6) in this equation leads to

S f Bhigal=o
> (hEA)=0

: (4.8)

Moving the reference axis to the bottom of the beam cross section makes

h

o= H, — H and allows the above equation to be rewritten as

So((H, -H)EA) =0

| Y (HEA)
= -
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where H, represents the reference coordinate for the centroid of an individual
material. The distance H , is given with reference to the bottom of the beam

cross section.

It follows that the actual location H , depends on the Young’s modulus of the

individual materials and also the dimensions of their cross section, as below,

£ t,’
e a

tBw, + t,Eyw,

where ¢, and w, are the heights and widths of the materials, respectively.

Another mechanical behaviour that arises from bending is the Poisson effect.
The Poisson effect describes the tendency of the material to preserve its volume
when changing length. Poisson's ratio v, is the ratio of the transverse contraction
strain to the longitudinal extension strain in the direction of stretching force.
Tensile deformation is considered to be positive and compressive deformation is
considered to be negative. The definition of Poisson's ratio contains a minus sign

so that normal materials have a positive ratio.

Tension Idle Compression

Fig. 4.8. The Poisson effect showing the direction of applied forces and the

resulting geometric deformations.

In bending, the Poisson effect is insignificant when only a homogeneous

material is considered. This is because the simultaneous shortening and
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elongation would have cancelled the effect. On the other hand, since the neutral
axis of composite beams is most likely to be in the material of higher Young’s
modulus, those with lower values will definitely experience this effect. Therefore,
in this case, the Poisson effect can be taken into account in order to obtain a

slightly more accurate analysis.

4.2.2 DEVICE DESCRIPTIONS

Silica is found to be better at resisting compression than tension. Therefore,
compression can be coarsely imposed onto a fibre grating to alter its
characteristics in accordance with Equation (4.12). According to [33, 87], uniform
compression of a fibre grating can be achieved by bending the grating in an arc
with a constant radius, with the fibre axis slightly displaced at a distance h, from
the neutral axis of the bending beam of length L,, onto which it is firmly adhered.

The relative compression/extension of the fibre grating is then given by
e=——,L,=0 (4.11)

where 0 is the central angle of the sector formed by the arc. It follows that the
Bragg wavelength shift obeys the following rule:

AN~ (1—p,)eA, (4.12)

where ), is the Bragg wavelength of the fibre grating in an idle state and
p, ~ 0.22 is the photo-elastic coefficient.

The schematic structure of our tunable package based on compression is
illustrated in Fig. 4.4. The fibre Bragg grating is embedded in a flexible material,
which is firmly fixed onto a straight elastic beam of length L,. The flexible slab
also acts to hold the grating firmly so that it will not slip from its axis, thus
avoiding premature cracks, which commonly occur for brittle materials under
compression. The flexible slab is made of plastic with sufficient hardness to resist

indentation caused by a moderate load. The modulus of elasticity F , of the
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plastic is roughly 50 times less than that of the elastic steel beam. The two

materials are bonded together using strong adhesive solution.

Elastic beam Idle position Movable block

Screw

Flexible slab  y,,,,

I

Fibre Bragg grating z
: M
L ;
b y

Fig. 4.4. Schematic structure of the tunable package.

When the beam is subjected to a horizontal inwards force, it will be deformed
into a curved shape. This shape takes a sinusoidal form and may be deduced by
solving the differential equation of the deflection curve [88] as follows,

2
27?2/ _ _% (4.13)
where M is the externally applied bending moment, F is the Young’s Modulus
and [ is the second moment of area. The y-axis and zaxis lie on the plane of the
paper and their positive directions are as shown in Fig. 4.4. The bending moment
M, takes a positive value for anti-clockwise direction. The derivation of the above
equation is shown in Chapter 5. Considering the moment equilibrium about the

z-axis which is perpendicular to the y and zaxis gives,
M=Fxy (4.14)

where F'is the external force acting horizontally. By inserting this exact bending
moment back into Equation (4.13), it will give a general solution in the form of

[89]
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F F
y) =C, cos[ ,EZ /EzJ (4.15)

where C, and C, are arbitrary constants. The boundary conditions are that

+ C| sin

y=0 at z=0 and z= L, — Az, where Az is the horizontal displacement of

one end of the beam from its idle state. Therefore, C; = 0 and

A - (4.16)
EI L —Az ‘

N Z .
- from symmetry, then C, =y, and the deflection

If y = yifl(l.’L‘ at z =

curve is given by

Y (2) = Y, X SiN [”—z] (4.17)
L, — Az

where y . is the amplitude of the beam deflection. An example of the correlation

between these two parameters is illustrated in Fig. 4.5. A unique value of y_, for

a given horizontal displacement, can be calculated by satisfying the condition

that the length of curvature of the bending beam must always remain exactly

equal to L, .

, (mm)

maz
oo
N

,,,,,,,, Calculated
o . m  Measured

T T T

00 05 10 15 20 25 30

Deflection Amplitude, y

Horizontal Displacement, Az (mm)

Fig. 4.5. Deflection amplitude of a 100 mm beam as a function of horizontal

displacement of the bending force.
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The local stress €, at different locations in the bent fibre can be obtained by
dividing it into narrow subsections. Each subsection can be approximated as an
arc of a circle since the radius is very large compared to its size and therefore
Equation (4.11) applies. The sector angle df, , relating to each arc can be
calculated by using the following formula,

df, ~ arctan [i y(z )] — arctan [i y(z, + dz, )] (4.18)
' dz ' dz '

where dz is the lateral width of the arc (Fig. 4.1). Whereas, the arc length ds, , is
given by

2;+dz;

d 2
ds. =~ 14+ |—y | dz 4.19
' f [dz y ] ( )

Subsequently, the overall Bragg wavelength shift for a given horizontal
translation Az, is obtained by substituting these values into Equation (4.11) and

Equation (4.12).

25+

204

15+

104

Wavelength Shift, AA (nm)

0 20 40 60 80 100

Lateral position, z (mm)

Fig. 4.6. Calculated wavelength shift versus lateral position of gratings on a 100

mm beam with h ~ 1.6 mm and Az = 2 mm.
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Fig. 4.6 shows the calculated Bragg wavelength shift of gratings at various
locations on a 100 mm beam due to a 2 mm horizontal translation and an off
neutral axis displacement of about 1.6 mm. Using the above analysis, the
operational wavelength of a fibre grating mounted in the centre of a bending

beam can be accurately determined for a given displacement.

The Poisson effect can also be considered by incorporating the resulting
additional thickness Ah,, (Fig. 4.3) into the total off neutral axis displacement,
which is given by

Ahy, = vty —— (4.20)

h-6
ds

where v is the Poisson’s ratio, t, is the initial thickness and A is the mean

distance from the neutral axis.

4.3 DEVICE CHARACTERISTICS

4.3.1 SPECTRAL QUALITY UNDER BENDING STRESS

ASE source Circulator
0000
0000
0000
0000
0000
0000
0000
O O
—7
Linear motor Diagnostics
Motion
controller
Tunable fibre grating

Fig. 4.7. Experimental setup.

The correlation between the horizontal displacement of one end of the beam

from its idle position and the Bragg wavelength shift was experimentally
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confirmed by varying these parameters in a simple configuration shown in Fig.
4.7. During the tuning procedure, the operating wavelength of a well-packaged
fibre Bragg grating (as described above) was swept across the entire conventional
band (C-band). A linear motor connected to a motion controller gave quantifiable
horizontal displacements. The output power and spectral response of the reflected
light that was originated from a broadband ASE source were monitored and

recorded on an optical spectrum analyser with a resolution of 0.01 nm.

The demonstration initially took into consideration gratings located
approximately 1.72 mm and 2.18 mm away from the neutral axis of a 100 mm
beam and also those displaced by approximately 2.17 mm and 2.66 mm on a 150
mm beam. The fibre Bragg gratings used were of various lengths L, which were
10 mm and 20 mm. The measured wavelength responses are plotted, with their
corresponding theoretical curves, in Fig. 4.8. The results positively verify that

these parameters comply with the aforementioned relationships.

20-

L,=100mm & e
104 /o e L,=150mm

h=2.18mm, L, =10mm
h=1.72mm, L =20mm
h=2.66mm, L =20mm
h=2.17mm, L =20mm

Wavelength shift, AA (nm)

0.000 0.005 0.010 0.015 0.020 0.025

Normalised displacement, Az/L,

Fig. 4.8. Overlay of the measured wavelength shifts (symbols) and their
corresponding theoretical curves for different values of h on 100 mm and 150 mm

beams.

The uniformity of the compression was also investigated in this study. Fig.

4.9 shows an excellent match between the spectra of a 5 mm fibre Bragg grating
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in its idle and compressed states, indicating that no chirp was induced upon

bending. It is therefore confirmed that the compression was uniform.
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Fig. 4.9. Spectral response of a 5 mm fibre Bragg grating in idle and compressed

states (dashed line: bottom azis, solid line: upper axis).
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Fig. 4.10. 3-dB bandwidth change at various states of compression for (a) L, =
100 mm and h ~ 1.7 mm, and (b) L, = 25 mm and h ~ 1.7 mm.

Equally uniform compression is also possible for longer fibre gratings as

devices with length of up to 25 mm were shown to exhibit excellent consistency

in their 3-dB bandwidth. Results from the 25 mm grating are shown in Fig.

4.10(a), measured from its initial value of about 0.17 nm. Any variation in these

84



Chapter 4: Bragg Grating Package for Continuous Tuning

values can be reduced by increasing the length of the bending beam as implied by

Fig. 4.10(b).

On the other hand, this study has also verified that the bending produced by
the tunable package was not of constant radius by characterising gratings
positioned at some distances away from the centre of the beam. The results in
Fig. 4.11 show that the gratings were substantially chirped as the compressive
strain increased at those locations. Therefore, this confirms that the bending

followed the sinusoidal shape as presumed in the theoretical analysis.
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Fig. 4.11. Responses of gratings at different locations on the beam with h ~ 1.7
mm. (a) Wavelength shift against the normalised horizontal translation (symbols:
measured, lines: calculated), and (b) 3-dB bandwidth change at various states of

COmpression.

The later experiments expanded the tuning window to encompass the long
band (L-band). This was in response to the emerging requirement for a
wavelength-selective filter with a large tuning range for application in the
expanded DWDM systems. These systems utilise all the short band (S-band),
conventional band (C-band) and long band (L-band) in order to increase the
capacity of optical networks. For this objective, a relatively large off-neutral axis
displacement h , is required to achieve large tuning for small horizontal
translation, as indicated by the theoretical curves in Fig. 4.12. A bending beam of

100 mm length was chosen to hold a flexible slab that gives the required h
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(~5.95 mm). The grating length was 3 mm, which was carefully selected to
ensure that it would remain unchirped after a large horizontal translation. The
Bragg wavelength of the grating was 1614.3 nm and it was also apodised with a
Blackman profile [90].

The excursion of the measured peak wavelength of the tunable device as the
compression increased is also shown in Fig. 4.12. It continuously traversed the
entire L-band, crossed the dead band, and finally reached halfway across the C-
band, which amounted to a wavelength range of 70 nm. This point corresponds to
5.56% of compression imparted on the grating, which is still far below the
maximum tolerable strength of the silica fibre in a compression mode
(approximately 23%) [30, 91]. Therefore, it should be possible to compress further

down in wavelength to cover the whole C-band.

100

Wavelength shift, A\ (nm)

0.00 0.01 0.02 0.03

Normalised horizontal displacement, Az/L,

Fig. 4.12. Wavelength shift against the normalised horizontal translation of the

tunable device.

The uniformity of the compression was maintained throughout its operation
range as confirmed by the 3-dB bandwidth measurements plotted in Fig. 4.13.

Also shown are the reflection spectra of the device at various compression states.
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Fig. 4.13. 70 nm tuning range and 8 dB bandwidth change of the tunable device.

Additionally, the device exhibited no noticeable spectral deformation when
back in the idle state, even after repeated tuning. This reversible behaviour can
only remain as long as the beam is linearly elastic. Therefore, it is necessary to
constrain the inward horizontal displacement to be below the proportionality
limit of the beam. Consequently, this requirement puts a limit to the achievable
tuning range, yet this limit is way beyond the erbium band. Thermal performance
of the compressor was also monitored during the experiment. An anticipated
increase in the temperature sensitivity was observed, which arose from the fact
that the material embedding the fibre grating was firmly adhered to the beam. As
a result, the overall thermal expansion coefficient of the arc structure practically

took the value of that of the beam (approximately 9x10°° /°C). Therefore, the

expected sensitivity for the Bragg wavelength would be approximately equal to

23pm/°C. Nevertheless, this variation can be minimised through astute choice of

the materials for the beam and the mount.

4.3.2 DIFFERENTIAL GROUP DELAY AND POLARISATION
DEPENDENT LOSS MEASUREMENTS

Polarisation mode dispersion (PMD) can limit fibre optic transmission

performance. Stress may induce additional birefringence in an optical fibre
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medium, which in turn causes polarisation components of a signal to travel at
different group velocities. The relative delay between two orthogonal polarisation
modes is called differential group delay (DGD). As data rates increase, the
impact of PMD increases. In this circumstance, polarisation mode delay
represents a greater portion of a bit period of a digital optical pulse. High data
rate signals may then suffer increased jitter and degraded bit error rate (BER).
To maintain data transmission integrity, it is important to keep overall DGD
within 10 to 20% of the bit period of a signal. DWDM technology increases the
number of optical elements in the signal path. Higher data rates require that
PMD must be analysed in these components, and due to the narrowband nature
of DWDM, PMD must be measured over small wavelength ranges. Characterising
PMD on each channel of the components ensures that the overall system can be

designed and manufactured to perform well in fibre optic networks.
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Fig. 4.14. Differential group delay (DGD) and polarisation dependent loss (PDL)

of the tunable device at various bend positions.

The PMD test on gratings mounted on the proposed package was done by
using a simple setup. A narrowband laser source fed continuously polarised light
onto the grating under test through an automated polarisation analyser (HP
8509B). The grating was probed over its entire 3-dB bandwidth. The reflected
light returned into the analyser, which then computed the average DGD. Results
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obtained for various degrees of bending are shown in Fig. 4.14, which shows that
the DGD was always less than 1.6 ps with only small variations. In addition, the
polarisation dependent loss (PDL) of the device was also characterised, and no
appreciable increment in the parameter was observed. All values were well within
0.11 £ 0.03 dB. Therefore, these measurements verify that the tuning package

does not cause any additional significant birefringence.

4.3.3 INSERTION LOSS UNDER LARGE COMPRESSIVE STRESS

Since the fibre can withstand high compressive stress, we have attempted to
further widen the tuning range. Using h~6 mm and a 100 mm beam, we
managed to obtain a 110 nm tuning range from a 3 mm fibre Bragg grating
which was written on a deuterium-loaded fibre with NA =~ 0.13 and
A, ~ 1200 nm. The grating was initially centred at 1613.16 nm, with an effective
refractive index change n-An , of roughly 8 x10™* and a 3-dB bandwidth BW,,,,

of about 0.82 nm. This result in fact represented the widest tuning range ever

achieved with a silica-based fibre Bragg grating.
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Fig. 4.15. (a) Reflection spectra at various operational wavelengths and (b) the
corresponding 3-dB and 10-dB bandwidths.

89



Chapter 4: Bragg Grating Package for Continuous Tuning

The spectra of the device recorded at various operational wavelengths are
shown in Fig. 4.15(a). The figure revealed a significant insertion-loss at intense
negative stress (compression), as marked by the circle. This unexpected
observation has subsequently triggered an investigation on the contributing

factors, which may later facilitate full exploitation of low-loss compression-

tunable devices.

The investigations were carried out by monitoring several different fibres,
which were embedded in close proximity to each other inside the composite beam
structure to maintain exactly similar ambient conditions for all magnitudes of
stress. We started our investigations by comparing the losses induced at the
associated Bragg wavelengths, in a standard single-mode-fibre (SMF) with a
numerical aperture (NA) of about 0.13 and cut-off wavelength A , of around 1200
nm (fibre A), to that in a photosensitive fibre. The photosensitive fibre was a
boron-codoped  germano-silicate (B/Ge/Si) fibre with NA~0.14 and

A, =1194 nm (fibre B), hence having a nominally identical transverse refractive

index profile to fibre A. The results of these fibres are summarised in Fig. 4.16(a)

and demonstrate massive differences in the induced losses under extreme values

of the stress.
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Fig. 4.16. (a) Stress-induced loss at the associated Bragg wavelength against
strain for a B/Ge/Si-fibre and a standard single-mode Ge/Si-fibre (SMF-28) of
A, ~ 1200nm and NA ~ 0.13 . (b) Stress-induced insertion loss against strain

for an exposed and un-exposed B/Ge/Si fibre.
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For strain levels up to about 6%, corresponding to approximately 70 to 75
nm of wavelength tuning, no losses were introduced in either fibre. However,
beyond this strain level, the B/Ge/Si fibre was seen to have a sharp increase in
loss with a value exceeding 1 dB/m. In contrast, the SMF barely exhibited any
loss increase for strain levels up to approximately 7%, suggesting that the

inclusion of boron in the fibres had an effect on the induced loss.

In addition, we investigated the effect of UV-exposure on fibre B in relation
to the stress-induced losses. In this case we used an estimated fluence of 1 kJ/cm’
resulting in an index increase of about 4 x 10™*. The results showed that exposure
to UV light reduced the threshold for induced loss of 10 dB/m from around 6.2%
to 6.7% (Fig. 4.16(b)). Note that the exposure to UV light and inclusion of boron
are in fact closely related to photosensitivity. Therefore, Fig. 4.16(a) and Fig.
4.16(b) directly suggest that photosensitivity plays an important role in the

occurrence of the insertion loss.
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Fig. 4.17. (a) Insertion loss against stress and (b) insertion loss against radius of

curvature for various off-neutral azis displacements.

In order to dismiss the notion that bending loss may have an influence, we
took measurements on the insertion loss in fibre B for various values of the
displacement from the neutral axis. The data collected are plotted in Fig. 4.17(a),

which shows that massive insertion losses began exactly at the same magnitude of
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strain. These points however corresponded to a different radius of curvature for
each beam, as depicted by Fig. 4.17(b). Therefore, the occurrence of the massive
insertion losses was independent of the radius of curvature. Furthermore, the
threshold points occurred at relatively large radii with respect to that observed in
the same fibre without the presence of stress. Conclusively, the insertion losses
were in fact induced by the large magnitudes of stress, whereas bending losses
were merely negligible. In addition, the effect of micro-bending can only be
claimed to be responsible if fibres with an identical field overlap factor have the
same strain points where the effect starts, irrespective of any difference in the
composition of the fibres. However, Fig. 4.16(a) shows contrary experimental
results, wherein the two types of fibres exhibit different reactions to large stress

levels.

The plot of the corresponding 3-dB and 10-dB bandwidths of the compressed
fibre Bragg grating is shown in Fig. 4.15(b). It shows that these parameters
gradually increased with increasing stress level, yet this was not because the
grating was chirped. This fact can be appreciated by examining the transmission
spectra of a fibre Bragg grating under various levels of stress. Measurements were
obtained from a 3 mm grating, inscribed on a Boron-codoped germanosilicate
fibre with a cut-off wavelength of 925 nm and an NA of 0.15. The recorded
spectra are illustrated in Fig. 4.18(a), while the associated transmission losses are

plotted against the applied strains in Fig. 4.18(b).
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Fig. 4.18. (a) Transmission spectra at various operational wavelengths and (b) the

corresponding transmission loss with its theoretical curve.
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Fig. 4.18(b) indicates that the Bragg grating was getting stronger (increasing
transmission loss or reflectivity at the Bragg wavelength) as it was compressed.
This was expected since the normalized frequency V , was increased and thus also
the value of the field overlap factor 1. The increment was a consequence of the
shift of the operating wavelength A, towards the cut-off wavelength A , as well
as the fact that the core size was increasing radially due to the Poisson effect.
Moreover, in the presence of stress, the resultant value of the refractive index n',

is proportional to its initial value n [43], which is mathematically expressed as,
n'=(1-pe)n (4.21)

where p, is the photo-elastic coefficient. On this account, the elasto-optic effect
will cause different amount of changes in the refractive index of the core and
cladding for the same magnitude of strain e, thus increasing the NA. Taking all
of these effects implicitly into account, the value of V' should change according

to the following rule,

V — 277[- . (1 — yfg) ao . (1 — peg)NA (422)

where q, is the initial radius of the fibre core, p, is the photo-elastic coefficient
and v, is the Poisson’s ratio of silica. In addition, Equation (4.21) suggests that
the refractive index modulation should also change, as the grating planes with a
lower refractive index vary more slowly compared to the planes with a higher

refractive index. Therefore, the anticipated transmission loss AT, is given by,

AT = —10~10g[1 — tanh’ [}\ln(V) (1—pe)An- Lg] (4.23)

B

where 7 (V) is the modified field overlap factor due to a change in the V -number
in accordance with Equation (4.22), An is the initial refractive index change, A,
is the centre wavelength, and L, is the grating’s length. The evolution of the
calculated transmission loss was then plotted on the same graph. We can however

see that it did not match well with the measurement values, which suggests that
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the increase in the grating strength may also have a contribution from some
unexplained factors. It can be concluded that regions with different refractive
indices react differently with large stress and these reactions are unpredictable.
This observation also suggests that the properties of the fibre, which in this case,
the quantity of defects associated with photosensitivity, may as well influence the

magnitude of the insertion loss to large stress.

4.4  DEMONSTRATIONS OF DEVICE APPLICATION

4.4.1 ALL-FIBRE DISTRIBUTED FEEDBACK LASER

The proposed package has been shown to be capable of imposing constant
stress on an embedded fibre Bragg grating. Therefore, it may also be possible to
tune a distributed feedback (DFB) fibre laser. Since the beam portion with
constant stress is rather limited (see section 4.3.1), a longer beam is necessary to
accommodate a typical length of DFB fibre laser. We demonstrated a tunable
DFB fibre laser with a tuning range of nearly 25 nm [92]. The experiment was
carried out in collaboration with Dr. Li Bin Fu (research fellow). It was
constructed using an asymmetrical /2 -phase shifted fibre grating [93] with a
length of 25 mm, embedded on a 290 mm composite beam. The DFB assembly
was displaced vertically from the neutral axis of the beam by roughly 7 mm. The
DFB fibre laser was constantly pumped at 63 mW. A laser diode at 977 nm
wavelength was used as the pump source, which was coupled via a 980/1550 nm-
WDM coupler. An optical isolator was spliced at both ends of the grating in

order to eliminate the back reflections.

Its spectral responses were recorded during the tuning operation by an optical
spectrum analyzer having a resolution of 0.2 nm. The results are presented in Fig.
4.19(a), which displays a successful tuning operation from 1553.3 nm to 1528.85
nm. Only approximately 1.3 dB power fluctuation was observed for wavelengths
down to 1534 nm. Below this point, where it was still far below the stress-induced
loss event, the DFB exhibited a rapid power drop. Therefore, the power drop was

purely in accordance with the gain roll-off of the erbium-doped medium.
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Fig. 4.19. (a) Laser output spectra at various operational wavelengths and (b) the

central wavelength shift as a function of normalized horizontal translation.

The laser line-width was also measured utilising the delayed self-heterodyne
detection technique. The laser signal was first split by a fibre coupler. Light in
one arm was modulated by an acousto-optic modulator (AOM) at roughly 35
MHz, while light in the other arm was delayed using SMF of approximately 58
km. Subsequently, the outputs from both arms were mixed and detected by a
photo-detector and an RF spectrum analyzer. The line-width remained at around
92 kHz for the full tuning range. Single mode operation was also maintained with
a side mode extinction ratio larger than 55 dB. Additionally, the central
wavelength was able to be shifted upward to about 1560 nm by operating the
package in tension mode. The measured central wavelength excursion with the
horizontal translation of the bending beam in compression mode is shown in Fig.
4.19(b). Excellent agreement with the calculated values confirms that the

operational wavelength of the laser can be set with high precision.

4.4.2 RESONATOR MIRROR FOR HIGH POWER FIBRE LASER

Fibre lasers have been developing rapidly in recent years, especially those
operating at wavelengths between 1.5 and 2 pum which are motivated by many

emerging interests for free-space and satellite applications. Some demonstrations

95



Chapter 4: Bragg Grating Package for Continuous Tuning

have also utilized external lens-coupled diffraction grating into the fibre laser
systems in order to achieve tunability. However, this configuration led to a bulky

device.
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Fig. 4.20. Cladding-pumped tunable Er-Yb doped fibre laser arrangement.

Working in collaboration with Dr. J. K. Sahu (research fellow) and Dr. Y.
Jeong (research fellow), we constructed an efficient tunable narrow linewidth high
power erbium (Er): ytterbium (Yb) co-doped fibre laser (EYDFL) [94]. The
EYDFL comprised a double-clad fibre with a 25 pum diameter phosphosilicate
core, embedded in a 400 pm diameter pure silica inner cladding that provided a
core NA of 0.22. The inner cladding had a ‘D’ shape and was coated with a low
refractive index polymer, thus having a nominal NA of 0.49. Pump light from a
diode stack, operating at 975 nm, was coupled into the inner cladding through a
simple lens arrangement. The laser cavity was formed between a perpendicularly
cleaved fibre facet at the pump launch end and a high reflectivity fibre Bragg
grating at the other end. The Bragg grating was written in a standard single-
mode fibre (SMF). Fusion splicing of the gain medium with the FBG was made
possible after tapering one of its ends to match the outer diameter of the SMF.
The laser output was collected at the pump launch end using a dichroic mirror
with a high reflectivity around 1.6 pum . The complete arrangement of the fibre

laser system can be seen in Fig. 4.20.

96



Chapter 4: Bragg Grating Package for Continuous Tuning

=20 4

-40

Power, P (dB)

60 { A B

1540 1560 1580 1600 1620
Wavelength, A (nm)

Fig. 4.21. Laser output spectra at different operational wavelengths.

The tunable FBG device enabled tuning of the fibre laser system from 1602
down to 1550 nm. The spectra of the laser output at various wavelengths are
shown in Fig. 4.21. The linewidth stayed constant at roughly 0.2 nm for the full
tuning range. The maximum output power of 70 W at 1560 nm was obtained
from 240 W of launched pump power. The pump absorption in the Er-Yb doped
fibre (EYDF) was sufficiently high (~2.5 dB/m) to minimize the risk of
damaging the SMF. Moreover, the SMF had a higher refractive index coating
than that of the pure-silica inner cladding of the EYDF, in which the pump laser
was guided. Consequently, any residual pump power that reached the SMF will
leak into the coating of the SMF and be absorbed. The unabsorbed pump power

was measured to be only a few watts.

4.4.3 ADD/DROP FILTER FOR ALL OPTICAL TDM 7O WDM

SYSTEM
Conversion of optical time-division multiplexed (TDM) signals into
wavelength-division multiplexed (WDM) signals has become an attractive

solution for effective signal processing. This is attributed to the availability of

filters with definite phase and amplitude responses in the wavelength domain,
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such as fibre Bragg grating filters. Recently, we successfully demonstrated the use
of the fibre Bragg grating technology as a wavelength filter in an all-optical time-
division multiplexer [95] for a 40 GHz optical TDM system. This demonstration

was carried out in collaboration with Mr. Paolo J. Almeida (research student).
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Fig. 4.22. Experimental setup for OTDM add/drop multiplezing of a 40 Gb/s
signal. (HNLF': highly nonlinear fibre, PC: polarization controller, BPF: band-
pass filter, EDFA: erbium-doped fibre amplifier).

The experimental setup for the optical TDM add/drop multiplexing of a 40
Gb/s signal is shown in Fig. 4.22. The optical TDM signal was initially mapped
onto lower bit rate WDM signals through a highly non-linear optical loop mirror
(NOLM). After amplification, the original TDM signal with a central wavelength
of 1547 nm, acted as the control signal that switched the 10 GHz linearly chirped
square pulses. These particular pulses were chirped by means of self-phase
modulation in a highly nonlinear fibre and temporally expanded by a length of
negatively dispersive dispersion compensating fibre (DCF) [96]. The control signal
carved WDM-replica pulses through cross-phase modulation with the chirped
square pulses in the NOLM. The output of the NOLM thus consisted of 4 WDM
channels, each having a repetition rate of 10 Gb/s. After filtering out the control

signal at the output of the NOLM, one of the WDM channels was selected
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through reflection from a tunable fibre Bragg grating filter [97]. The eye diagram
of the dropped channel is presented in Fig. 4.23(a). The fibre Bragg grating
provided a narrow stop-band of 1.2 nm and a transmission loss of 15 dB. Fig.

4.23(b) shows the spectra after the channel drop.

(a) (b)

Drop a channel @ 10 Gb/s

Relative power (5 dB/div)

1543 1546 1549 1552 1555 1558
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Fig. 4.23. (a) Eye diagram of the dropped channel and (b) the transmission

spectra after the channel drop.

A new WDM signal was then added via a circulator. Once amplified, the final
WDM signals were then used as control signals for another NOLM. Interaction
with a continuous wave from a laser diode operating at 1541.3 nm subsequently
transformed them back into 40 Gb/s TDM signals for onward transmission. The
bit-error-rate measurements of the whole system showed that error free operation

could be achieved with a power penalty between 2 and 4 dB.

4.5 CONCLUSIONS AND FUTURE DIRECTIONS

This chapter has demonstrated a simple package for accurate broad-range
tuning of the operational wavelength of a fibre Bragg grating, adapted from the
beam bending technique. The device can produce uniform and repeatable
compression for wavelength shifts up to 110 nm, in precise agreement with the

theoretical analysis. Its performance is maintained over the operational regime
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with no significant degradation due to PMD and PDL. This package conveniently

consumes no power once set to a desired wavelength.

Gratings with a large tuning range will certainly find useful applications in
future broadband optical systems, which may have dynamic traffic. Most of these
systems would have tight channel separation, thus putting critical requirements
on the consistency of their components’ performance. The proposed device has
been verified to possess this quality under proper design. Nevertheless, the length
of the beam should be extended proportionally with the grating length to ensure
a uniform stress distribution along the entire grating. In addition, any applied
force should not cause the stress in the structure to be greater than the yield

stress o

yiaid » SO that the tuning function remains repeatable. By abiding to these

guidelines, gratings for any applications such as dispersion compensation, gain
equalisation, or a distributed feedback laser, can be effectively tuned using this

package.

The prototype device can be improved in many aspects. Use of materials with
appropriate thermal expansion coefficients for the beam and the mount could lead
to a temperature-stabilised fibre Bragg grating. Its shape can also be redesigned
to further reduce its size, resulting in a more compact device. More importantly,
the region with uniform stress can be considerably extended by wisely tapering
the cross-sectional area of the beam or/and the flexible slab [98]. On the other
hand, study of other bend structures may help to find new ways to dynamically
reconfigure the grating profile to suit specific applications. This possibly includes
investigating the shapes that are provided by commercial stripe actuators. The
use of the actuators may result in high precision tuning and also allow tuning

with higher frequency oscillations.
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CHAPTER 5

BRAGG GRATING PACKAGE FOR
VARIABLE DISPERSION

5.1 INTRODUCTION

One of the inherent flaws of optical fibre is the attenuation, which places a
requirement for frequent regeneration of the transmitted optical signals.
Conventionally, this involves the conversion of the optical signals to electrical
signals for amplification. These electronic repeaters are typically placed at every
40 km fibre span, thus contributing significantly to the network system cost and
introducing an upper limit to the allowable data bit rate. Nevertheless, the
regeneration has the advantage of limiting the accumulation of signal
impairments such as optical noise and nonlinearity. On the other hand,
amplification in the optical regime can remove the need for these expensive
electronic repeaters. Erbium doped fibre amplifiers (EDFAs) can provide gain for
signals with wavelengths between 1525 nm and 1560 nm. This range falls within
the region at which the loss of the transmission fibre is at its minimum, thus
allowing an extended transmission span. However, some of the deployed
transmission fibre links were designed for operation in the 1300 nm
telecommunications window. This means that these conventional fibres have a
zero chromatic dispersion value at this wavelength region. As the fibres also
exhibit a nonlinear group delay characteristic, it gives a dispersion value of 17
ps/nm/km near 1550 nm. However, the EDFA exhibits desirable properties such
as high gain, high saturation power, a low noise figure and physical compatibility
with existing components. Consequently, these overwhelming advantages have

forced operation near 1550 nm.
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Propagation through a long span of conventional fibre by optical signals
within the EDFA band results in large accumulated dispersion. The signal bits
disperse linearly with transmission distance, such that after a certain length
(referred to as the dispersion limit) it will begin to expand to the adjacent bit
slots. In the case of direct detection by a photodiode, this may then generate false
bit recognition. This situation becomes more severe as the bit rate goes higher. It
is possible to produce fibres with low or even zero dispersion for the 1550 nm
wavelength, but the conventional fibres comprise a majority portion of the
current global optical transmission architectures. On these accounts, the
chromatic dispersion issue has received major attention from researchers, looking
for ways to prolong the operation of this enormous investment. Furthermore, the
problem has now become more challenging since there is already an increasing

demand for telecommunication systems with higher capacity and speed.

This chapter is dedicated to introducing a package for continuously varying
the dispersion property of a fibre Bragg grating. Initially, the fundamental
concept of dispersion will be briefly discussed, along with the current
technological approaches for compensation. Then, the principle exploited in
constructing the dispersion-variable device will be explained. Experimental results
that illustrate the properties of the device will be presented later. Finally, the
applications of the device will be demonstrated through a straightforward
compensation test on various lengths of non-zero dispersion shifted fibres and an
experimental study on receiver filtering effects in a spectrum-sliced WDM system

with semiconductor optical amplifier (SOA)-based noise reduction.

5.2  CHROMATIC DISPERSION COMPENSATION
TECHNOLOGIES

Generally, possibilities to confront dispersion exist in the transmitter, in the
fibre as well as in the receiver. The transmitter techniques often produce a pulse
stream where each leading edge is composed of longer wavelength components
than that of the trailing edge. This process can be accomplished by utilising an

auxiliary phase modulator [99] or exploiting fibre nonlinearity, namely self phase
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modulation (SPM) [100]. As the chirped pulses propagate in a positively
dispersive medium, the leading and trailing components in each pulse have to
first pass through their own pulse slot completely before reaching their
neighbours. The commencement of dispersion impairment is therefore delayed.
Additionally, in order to further extend the dispersion length, it was proposed
that the pulses should be expanded beyond the clock periods prior to the pre-
chirping process [99]. There is also another scheme that makes use of frequency
modulation (FM) of the transmitted signals to overcome the dispersion effect,
known as dispersion-supported transmission [101]. In this scheme, the FM
modulated signals are converted into amplitude modulation at the receiver. These
signals are seen as three-level signals as the bits represented by higher frequency
light pulses will lag behind and totally occupy the following bit slot at the
receiving ends. Consequently, appropriate decoders have to be employed. It is
also possible to reduce the effect of dispersion by decreasing the bandwidth of the
optical data signals. This can be done using a lithium niobate Mach-Zehnder
modulator driven by a three level drive current [102]. Overall, the transmitter
techniques often involve additional pieces of equipment with complicated driving

circuitry, yet in principle, they can only perform a limited compensation.

Contrary to the previous techniques, receiver based techniques try to recover
the data from the pulse streams that have already been distorted by dispersion.
Through the coherent detection approach, the optical signals are shifted down to
electronic frequency along with the phase information. Consequently, this allows
compensation to be performed on the electronic carrier [103]. On the other hand,
if direct detection arrangement is used, only the amplitude variations are retained.
Fortunately, the distortion to original pulse streams caused by dispersion is
predictable. This can be used to deduce the correct data by analyzing a number
of preceding bits, or perhaps including the trailing bits [40]. This technique is
capable of extending the dispersion length farther than the transmitter technique
because dispersion is permitted to have an effect for longer bit periods. However,
the complexity from the electronic circuit, as well as the logic and increasing
signal-to-noise (SNR) requirement place a constraint on the maximum dispersion

length.
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Besides dealing with dispersion in the electronic regime, it is more appealing
to neutralize the dispersion impairment before the signals reach the detector.
Some of the reasons are that the system will be inherently more transparent to
any type of data modulation scheme and no speed limitation is imposed by
electronic processors, whilst the phase of the signals is securely preserved for the
compensation process. Basically, a compensating unit, placed along the
transmission fibre link yields an equal amount of negative dispersion. The
required negative dispersion can be obtained either from a special fibre, known as
dispersion compensating fibre (DCF), or from various types of interferometers.
The DCF has a specially designed cross sectional refractive index profile that will
cause different wavelength components to have a different mode size [34].
Consequently, the accompanied difference in the effective refractive index will
make the shorter wavelength light travel slower than the longer wavelength light.
The mode is weakly guided in order to magnify the changes in mode size with
wavelength. This leads to an increase in the fibre attenuation (~0.35 dB/km) and
bending loss. Since the typical length required for compensating a span of
standard single mode fibre is around one sixth of the span length, the

accumulated loss will therefore be substantial.

Another interesting approach is to invert the spectrum of the dispersed pulse
near the middle of the fibre span so that it may then correct itself while
travelling through the remaining span length [39]. The spectral inversion can be
accomplished by means of the optical phase conjugation, aided by a nonlinear
effect (four-wave mixing). The operating principle of this technique allows
dispersion compensation to be performed for any length of fibre. In this process,
the carrier wavelength is also shifted and therefore the optimal position of the
phase conjugator for exact compensation is slightly away from the middle of the
transmission span. Therefore, in the case of WDM systems, channels at other
than an exclusively optimized wavelength will either be under or over
compensated. Moreover, it requires much more expensive equipment to setup a

proper phase conjugator.

Each spectral component of a signal may traverse through a different length

when it propagates in an interferometric device. One device possessing such a
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property is a Mach-Zehnder interferometer. The relative phase delay of lights
propagating in the two arms of a Mach-Zehnder interferometer determines the
distribution of the wavelength components in the output ports. Therefore, a
cascade of several Mach-Zehnder interferometers with asymmetric arms can
provide the required negative dispersion by connecting the output port with
shorter wavelength components to the longer arm of the next identical unit [37].
However, this assembly is polarization sensitive, has a limited negative dispersion
value and narrow bandwidth. Nevertheless, tunability is possible and the periodic
nature of the group delay response may be adapted for compensation of WDM
channels. A reflective etalon filter can equally perform dispersion compensation,
yet with a simpler construction and polarisation insensitivity. It produces group
delay with a negative slope at wavelengths slightly above the resonance, although
this is over a narrow bandwidth [36]. The most attractive of all fibre filters is the
fibre Bragg grating. This device operates by reflecting only light with a
wavelength of twice the grating period. Therefore, by for example linearly
decreasing the grating period along the device structure, the shorter wavelength
components will be delayed relative to the longer wavelength components [41].
Due to the maturity of the fibre grating fabrication, the bandwidth of operation
is extendable and the group delay characteristics may be designed to compensate
for higher order dispersion [104]. Additionally, it is polarization insensitive and
compact. These advantages cause this technique to advance more rapidly than its

counterparts.

Tunability features in the dispersion compensator are becoming more
necessary with current development trends of optical networks. One of the
reasons is that fibre links are occasionally being replaced or upgraded as a result
of aging. These newly installed fibres may have different dispersion properties.
Additionally, a ring configuration, that is commonly adopted for network failure
recovery, may have a reserve link with a different transmission length than that
of the original route. Moreover, reconfigurable networks that allow adding and
dropping of multiplexed channels lead to an uncertain amount of cumulative
dispersion for a given channel. As system speed is enhanced, the sensitivity to
variations in accumulated dispersion becomes more critical, such that dispersion

influence increases quadratically with data rates. The variations may stem from
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environmental changes or cable movement. In conclusion, it is imperative that
the dispersion characteristic of the compensator can be continuously reconfigured
to allow networks to cope with changes as they adapt to wvariable path

characteristics, environmental fluctuations and regularly changing configurations.

5.3  DISPERSION

The term dispersion actually refers to the phenomenon of a wavelength
dependent refractive index. Therefore in a systems context, different components
of a signal pulse travel through a transmission medium at different speeds. This
effect causes temporal distortion to the pulse and may eventually cause inter-
symbol interference (ISI). However, in optical communication systems, often the
dispersion components can be different spectral components (chromatic
dispersion) or different transmission modes (intermodal dispersion). Another form
of dispersion is polarization mode dispersion, which results from differences in
transmission speed for light components with different polarizations. Intermodal
dispersion may occur only in multimode fibres as different modes travel at

different speeds.

Chromatic dispersion may be caused by the dispersive properties of the
waveguide material (material dispersion) and also guidance effects within the
fibre structure (waveguide dispersion). Material dispersion results from the
variation in the refractive index experienced by the various spectral components
of the optical signal. The time delay due to material dispersion after travelling a

fibre of length L, , is given by [105]

L dn
T (A) =L ﬁ = %[neff - A%} (5.1)

where n . is the effective refractive index of the mode. The material dispersion

eff

parameter D ., is then defined as

m 7

1dr,(\)  Xd’ny
D ean 62
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where ¢ is the speed of light in vacuum. Another cause of dispersion is that the
cross-sectional distribution of light within the fibre also changes for different
wavelengths. This effect is termed as waveguide dispersion. Shorter wavelengths
are more confined to the fibre core, while a larger portion of the optical power at
longer wavelengths propagates in the cladding. Since the index of the core is
greater than the index of the cladding, this difference in spatial distribution
causes a change in propagation velocity. The expression for the waveguide
dispersion can be derived by considering that the relative refractive index

difference A, is very small, such that

A= n T (5.3)

where n, and n, are the refractive index of the core and cladding, respectively,
and the fact that n, ~n, has been exploited. The normalized propagation

constant b, is defined as,

(ﬂ/k)2 - n22

nG —n,

b= (5.4)
where [ is the propagation constant of the guided mode and k=27 /A is the
propagation constant for light in a vacuum. Taking regard of the fact that

B/ k ~n,, then the above equation becomes

(5/k)_n2

n, —Mn,

b= (5.5)

Since k is also equal to w/c , where w=2nf and f is the frequency,

Equation (5.5) can be rearranged as follows,

B = %[nQ + (nl - n2)b} (5.6)

where c¢ is the speed of light in a vacuum and w is the angular frequency.

Differentiating this with respect to the angular frequency w , with an

assumption that n, and n, are both independent of wavelength gives the time
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delay explicitly caused by the waveguide dispersion [105]. The time taken to
traverse length L, , of the fibre is thus given by

g
TZL:Lf "
1 L.w db dV
=L+ = 8]+ =y =) 2L 6.7)

where V is the normalized frequency, given by

V= 2%&«/7112 —n’ = ﬂa\/nf —n,’ (5.8)
c

where a is the radius of the fibre core.

It can be shown that dV /dw =V /w. Additionally, Equation (5.3) can be
substituted in Equation (5.7), giving

L db
T :7/ Ty +(n1 _n2)[b+vﬁﬂ
Lin d(Vv)
:# 1_|_A_
c av (5.9)

Subsequently, the waveguide dispersion parameter D , is obtained as

w7

D _ldr, mA d*(bV) av
UL Ay e | av dx
n,A (. d*(bV)
— Doy 2 07
- [ o (5.10)

where the fact that dV /dA=-V /A has been used. The total chromatic
dispersion is simply the addition of these two dispersion contributions, thus

giving
DA\ =D,(\N)+D, (N (5.11)

It should be appreciated that Equation (5.11) is only an approximation, as a

result of many assumptions have been made throughout the derivation process.
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In a real fibre, bends, strain, inhomogenities and imperfections produce low
levels of birefringence (a different refractive index for different polarizations).
Consequently, one polarization path is delayed relative to the other and results in
pulse broadening. This becomes another source of dispersion, which is named
polarization mode dispersion (PMD). Degree and orientation of birefringence
varies randomly along the length of the fibre. Therefore, birefringence effects may
partly average out. PMD does not accumulate linearly with fibre length but
instead with the square root of the length. Typically, the magnitude of PMD is
0.05 to 1 ps/km'?. Effective compensation of chromatic dispersion will leave

PMD as the largest type of residual dispersion.

Generally, the group delay per unit length of an optical fibre, as a function of

wavelength A, can be expressed in a form of a Taylor series [106] as follows

dr ()| . (A=) d* (V)|

T()‘):T()‘Z)+<)\_)‘Z>

dA |A:AZ 2! N’ |)\:)\Z
(A=A, )3 d’r ()‘)| A= )7,, d'r ()‘)|
31 d)\3 |)\:/\Z +..t nl d\" |)\:)\Z + (512)

where ), is the zero dispersion wavelength for the fibre. The measure of

chromatic dispersion is then given by

D()\):dT(/\)
dA
2 ) s
_dr(V) +()\_)\Z)d7'(2)\) (A=) dT(S)\)|
x|, N |, 2! ax' |,
)\_)\ n—1 n
R CeS” M Y IR (5.13)

(n—1)! d\* |,

where dr(\)/d\|,_, becomes zero in both equations since the dispersion takes
zero value at this particular wavelength. In standard single mode fibres, it is
sufficient to consider only up to the third order dispersion. This means that the
time delay function can be simplified to only one quadratic term and the
dispersion parameter will then contain only a single linear term. A standard

single mode fibre has a step index waveguide with a zero in the dispersion near
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1310 nm. The slope d*7(X)/dX* |,_, of D is 0.06 to 0.07 ps/nm*/km and thus

gives the D value of about 17 ps/nm/km in the 1550 nm transmission window.

5.4 FIBRE BRAGG GRATING FOR DISPERSION
COMPENSATION

The temporal broadening due to both second and third order chromatic
dispersion of a signal pulse at a wavelength ), after travelling a distance L;, can

be derived from the simplified form of Equation (5.13) [107], which gives

A Ap

AT—LID d)\+LffD' )dAdA
As Ag
:LfD()\O)-BW—i—%LfD'()\D)-BW? (5.14)

where D'=dD /d\ is the dispersion slope, A\¢ and ), are the shortest and
longest wavelength in the spectrum of the pulse, respectively and BW =\, — A,.

No dispersion compensation is required if the fibre length is below the
dispersion limit or dispersion length. This parameter can be estimated by
determining the transmission distance at which a pulse has broadened by one bit
interval. It is deduced from Equation (5.14) that only second order dispersion

must be compensated if

T, 21,
<L <—1—
D-BW D' BW

(5.15)

where T, is the bit period. Therefore, the dispersion slope need not be a concern
for single channel compensation as the signal spectrum is very small. However,
the third order dispersion obviously becomes significant in WDM systems, in
which the dispersion slope must be compensated either channel by channel using
compensators with different second order dispersion values or using a single

wideband compensator with a nonlinear group delay characteristic.

In order to successfully compensate the dispersion in an optical fibre of length

L, a fibre Bragg grating has to satisfy the following equation,
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D,(\)=-D(\)L, (5.16)

The general expression for the group delay as a function of wavelength for a
fibre Bragg grating can be obtained by substituting Equation (5.13) in Equation
(5.16) and then integrating it with respect to wavelength, thus giving

AT, (\) = —Lff(A—AZ)d;—T(QA) dX
IRV BT LA oY)
=2 =2 = =N . (5.17)

The above equation can be rewritten to describe the position in the grating
structure z, where light with a specific wavelength A, is being reflected, by using
the time to space conversion formula, which is given by

L,—z)

2, (
AT (2) = 7 ;

(5.18)

where L, is the physical length of the grating and z = 0 at the beginning of the
grating. Additionally, the variation of the grating pitch A(z), can be obtained by

incorporating the phase matching condition, which states that
Ag (2) = 2n,, A (2) (5.19)

where )\, (2) is the local Bragg wavelength. The equation for the grating period
profile is then given by

1

ey

A = ‘ﬁL (Z,—2) (5.20)

CT”()\Z) ;

&+f&—&f—

As validated by Equation (5.15), dispersion compensation of a single channel
can disregard the third order dispersion within the bandwidth of that channel.
Subsequently, since BW << A, A, , it is reasonable to assume that

2n,, L

L,D(\)-BW =~ Cﬂ (5.21)
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which results in a linearly chirped grating profile, given by

1—i]
L.q

As the proposed tunable dispersion compensator is also wused for

1
2n

A = A, — BW- (5.22)

eff

compensating a single channel, it will thus assume this profile. The tunability
incorporated in our device relaxes the precision required for all parameters in the
chirp function. Therefore, rough estimations for signal bandwidth, operational

wavelength and cumulative dispersion are adequate for design purposes.

5.5 ALTERING THE LOCAL BRAGG WAVELENGTH
PROFILE

5.5.1 ORIGIN OF DESIGN

As discussed in the earlier Chapter, the local response of the grating can be
altered by modifying the grating pitch or the effective refractive index in

accordance to the following relationship,
AN =X,)-(1=p,) e (5.23)

where p, is the photo-elastic coefficient of silica, A), (2) is the shift in the Bragg
wavelength, A, (2) and €(2) are the Bragg wavelength and strain, respectively at

particular positions along the grating structure.

The proposed device is designed to compensate a single channel. It is
justifiable to consider only the second-order dispersion, thus the grating should
have a linearly varying period. The grating is also said to have a constant chirp
rate, which is defined as the variation of the Bragg wavelength per unit length of
the grating structure. The local Bragg wavelengths at both sides of the grating
centre are expected to be shifted oppositely with linearly increasing magnitude
along the length of the fibre. This means reconfiguring the strain profile along the

grating with the sign changes at the middle of the grating, such that
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5(2)—m'[£—z] 5.24
- 1 2 (' )

where L, is the length of the grating structure and m, is a constant of
proportionality. As a consequence, the bandwidth of the device changes in
conjunction with the group delay characteristics. This is because the various
spectral components of a signal are no longer being reflected at their former
positions in the grating and therefore experience different delays associated with

the change in the propagation path distances.

A bending technique is found to be the most efficient way to impart stresses
on a piece of fibre [33]. This technique involves transferring the stress in the
material completely to the embedded fibre. In a bending beam, a point above the

neutral plane will suffer strain with a magnitude obeying the following rule [88],

e(x) = i (5.25)
R

where strain e(z), is defined as the change in length of a structural element
normalized to its original length, h_ 1is the distance from the neutral plane and
R (2) is the local radius of curvature. By assessing the corresponding curvature
locally, it is therefore possible to decide the proper bending shape that will be
likely to produce the desired stress distribution along the grating structure. But
first, the relationship between the deflection and the associated radius of

curvature has to be secured.

The derivation begins by recognizing that the length of a circular arc §, is
related to the associated radius of curvature R, and sector angle 6, through the

following formulae [88],

S=R-0 (5.26)

In the case where a curve does not follow the shape of a circular arc, the
instantaneous radius of curvature R (s), can be obtained by considering a very

small length ds, of the curve which make a very small sector angle df . In the
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limit where ds — 0 and df — 0, the above equation can be rewritten in a form

of differential equation, as follows

_ds

R(s) = o7

(5.27)

where s is a measure of the length of the curve. Fig. 5.1 shows all the variables

and axes used in the equations.

Fig. 5.1. Instantaneous radius of curvature and axes.

Additionally, it is useful to know that the tangent to the curve at a

particular coordinate gives the angle between the tangent and the zaxis, that is

tan 6 = dy (5.28)
dz

For a small angle, no error is introduced in assuming that ds~ dz and

tan @ =~ 0. Consequently, Equation (5.27) can be rewritten as,

1 do d[@]:cﬁy

2 _ -7 5.29
Rz dz dz\dz dz* (5.29)

Finally, it follows from Equation (5.25) and Equation (5.29) that the strain is

related to the shape of the curvature as follows,
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d2
‘— ~ h, Y (22)
R dz

e(z) = (5.30)
where y(z) is the vertical deflection of various points along the longitudinal axis
of the bending material. Therefore, it can be deduced from this equation that in
order to obtain the desired linear stress distribution, the curvature should be
cubic. Study of structural engineering reveals that two bending conditions may be
imposed on a flexible beam to produce the cubic deformation. One condition
requires a beam with fixed and free ends, with a load at the free end. The other
involves displacing two fixed ends vertically. These bending types are illustrated
in Fig. 5.2. The latter produces exactly the required stress distribution as it
produces contra-flexure at the centre of the beam. This means that the stress on

each side of the beam surface will change sign at this point.

(a) (b)

Fixed support
Fixed support
Force
Load
> Moment
Moment
Moment ( Force
Force

Fixed support

Fig. 5.2. Free-body diagrams of a) a beam with one end fized and one end free

with a load, and b) a beam with both ends fized and displaced.

5.5.2 MECHANICS OF DEVICE

The equation that governs the deflection curve can be deduced by first
considering the moment of the axial force F , about the neutral plane [88].
Consider an element of area dA, at a distance A, , from some arbitrary location of

the neutral surface, Fig. 5.3.
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Neutral plane

Applied moment h

Fig. 5.5. Internal resisting moment.

The total internal resisting moment is

[ h, dF. = [ ho. dA (5.31)

where o, is the internal stress which is defined as the force acting on a unit area
and A is the cross-sectional area. This must balance the external applied moment

M, so that for equilibrium
A

For linear-elastic bending, the stress is related to strain as o, = Fe_, where F
is known as Young’s modulus of elasticity. Expressing the strain as in Equation

(5.25) and then substituting the stress term in the above equation will give
h E
M= |h|E-—+|dAd==[h*dA
[ [ R] R{ , (5.33)

where fA h?dA is called the second moment of area of the cross-section about

the neutral axis and is denoted by I. Moreover, using the approximation in

Equation (5.29) leads to

oy _ (5.34)
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This is the general formula that can work out the shape of a beam under the

influence of certain bending moments.

This formula will now be used to confirm the shape of a beam with both ends
fixed to a rigid body and slightly displaced. Moment equilibrium for this case

gives
L
ZMz:M—F{?"—z]:O (5.35)

where M, are moments about the horizontal z-axis that is perpendicular to the 2
axis, F'is the external force acting vertically and L_is the horizontal distance
between the two beam ends. The moment about one supported end of the beam
M, is thus obtained and inserting this in Equation (5.34) yields a second order
differential equation as a function of z. It should be readily recognized that the
slope of the beam curvature at the supported end must be zero and this point is
taken as reference for the vertical displacement of the other end. Applying these
boundary conditions, which mathematically are dy/dz =0 and y =0 at 2 =0,
will yield

:E[IZ —523] (5.36)

The displacement between two ends of the beam y, , can be obtained by
applying z = L _ in the above equation, which gives
F L’

— = .= 5.37
Yomaz Bl 12 ( )

Subsequently, the deflection equation can be expressed in terms of the

maximum deflection as the following

Yy () = —yLm” S(3L.2" —22°%) (5.38)
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Differentiating the above equation twice with respect to z will give the
corresponding stress. It clearly shows that the stress is linear along the beam with

the gradient directly proportional to the magnitude of the maximum deflection.

9.9.3 DESCRIPTION OF DEVICE

The gradient of the stress will in fact influence the dispersion property of a
fibre Bragg grating, which is embedded at some positive or negative distance h,
from the neutral axis of the bending beam. It should be noted that it is possible
to vary this parameter continuously, as well as to change its sign for a specified
value of h. Ideally, the beam length L, , must always remain constant at any
deflection amplitude in order to ensure that the point of zero stress is always at
the middle of the span of the grating. However, the design of the device will be
more relaxed if the beam length is allowed to vary slightly and instead, the
horizontal distance of the beam ends L_, is kept constant. In order to ensure
minimal error, a sizeable value of h should be used so that only a very small
deflection is required for a desired tuning range of dispersion. The assumption of
L, =1L, will thus result in an unnoticeable shift in the measured centre

wavelength.
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Fig. 5.4. Calculated central wavelength shift against vertical displacement for the

worst case scenario with L, = 100 mm, h = 1.2 mm and N\,, = 1550 nm.

118



Chapter 5: Bragg Grating Package for Variable Dispersion

Moreover, if the point of zero stress remains at the centre of the grating, such
that the guided beam ends have slid the same distances, the centre wavelength of
the grating bandwidth will also remain stationary. The worst case occurs if one of
the beam ends does not move at all and only the other end slides to conform to
the bending conditions. This is depicted in Fig. 5.4, which shows the shift of the
centre wavelength of a chirped Bragg grating, embedded at A = 1.2 mm from the
beam neutral plane. The calculation assumes a distance of 100 mm for L . This
fibre Bragg grating originally has a centre wavelength at 1550 nm. It can be seen
that the central wavelength excursion is indeed very small, which is always less

than 2 pm, and thus is acceptable for most applications.

The graph is obtained by evaluating the Bragg wavelength at the middle
span of the grating structure in response to the stress distribution for a particular
value of the maximum vertical deflection. Combining Equation (5.23), Equation

(5.30) and Equation (5.38) will result in

12.ymaz h’<]‘_pe>)\C0
L3

A (g) = — ~ [5 2 (4 )] (5.39)

2

where A), is the central wavelength shift due to the applied strain, z, is the z
coordinate of the grating centre point and A,, is the initial central wavelength of
the fibre Bragg grating. The zcoordinate of the grating middle point can be

obtained from the inverse function of the following equation,

z dy]2
(z) = 14+|—| d 5.40
s(z J; [dz z (5.40)

where s is the axial position along the neutral axis of the beam (i.e. arc length)
which corresponds to a specified value of z. In order to produce the graph in Fig.
5.4, the above formula is solved numerically, with a calculation tolerance of 10"

and by substituting z = L./2.

The desired arrangement as previously discussed is constructed simply from a
composite beam, a pair of clamps and a translation stage. The composite beam is

made from two types of materials with a massive difference in their Young’s
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modulus E, value (~50:1). These materials are bonded together using strong
adhesive solution, such that the material with the bigger E essentially defines the
neutral axis, whilst the lower F material embeds the fibre Bragg grating and
roughly specifies h. We use a combination of hardened steel and plastic to form
the composite beam. The plastic should be flexible but it needs to show sufficient
hardness to resist indentation caused by a moderate load. The beam is firmly
supported by a pair of clamps in a perfectly straight position and at equal level.
Both of the clamps must be frictionless to ensure that no unwanted axial forces
will act on the beam. One of the clamps is mounted on a linear translation stage
that is oriented in a perpendicular direction. The stage is driven mechanically by
a high resolution screw and can be moved in either a forward or backward

direction. Fig. 5.5 illustrates the proposed device.

Fibre Fibre Bragg grating

l y /—)% J

)

\_/ ) Translation
Composite >

T stage

beo e L
L E
Clamp :

A\\
<>

Fig. 5.5. Schematic structure of the variable dispersion device.

5.5.4 CHARACTERIZATION OF DEVICE

The magnitude of dispersion of the device can be predicted by first
calculating the difference of the Bragg wavelengths of two specific points along

the embedded chirped fibre Bragg grating. For a particular maximum deflection
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Yoae » the difference between the longer and shorter Bragg wavelengths can be

expressed as,

A)\AL (ymaz> = )\B (sL’ yma:ﬂ) - )\B (857 ymaz) (541)

where 4, denotes the Bragg wavelength, while s, and sg are the positions along
the grating’s longitudinal axis for the assessed points of reflection. Assuming that
the centre of the fibre Bragg grating always remains at z = L /2 at all bending

positions, these points are given by,

S5 (Yas ) = %[Lb (Y ) — AL] (5.42a)
81 (Ve ) = %[Lb (Ypa) + AL (5.42b)

where L, can be readily obtained from Equation (5.40) with substitution of
z=1L and AL =s, —s,, that is the separation distance. By using Equation

(5.23), Equation (5.30) and Equation (5.38), Equation (5.41) can be rewritten as,

A)y, (ym(u) = P‘B (su 0) — Ay (557 0)] +

Moo (1= 2.) € War) (22 W) = 25 (Y100 )] (5.43)

where ¢' = de /dz, while the zcoordinate of s, and sg are denoted by z; and z,
respectively and can be obtained by using the inverse function of Equation (5.40).
The first term is merely the initial Bragg wavelength difference between the
points. Subsequently, the corresponding dispersion values are obtained by using

the following approximation,

2n,, - AL

D =T T
(ymal ) c- A)\AL (yma'l )

(5.44)

The spectral and group delay responses of the device under various
magnitudes of maximum vertical deflection are measured using the
characterization rig described in Chapter 1. Fig. 5.6 shows the spectra of a

chirped fibre Bragg grating with L, = 50mm and D, ~ 173ps/nm. The effective

refractive index modulation 17-An of the grating was roughly 2.3x10™* and
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30% of the total length was apodised at each end. This grating was embedded at
h ~1.15mm away from the neutral axis of a beam, which was fixed by clamps
with separation distance L = 100mm. The measured spectra exhibit a negligible
excursion of the central operating wavelength from its initial value of
Acp ~15649.8nm , as expected. In addition, the corresponding time delay
responses are shown in Fig. 5.7. It shows that the measured temporal ripple is
approximately 45 ps in all operating conditions. This graph only displays the
responses within the 3-dB bandwidth.
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Fig. 5.6. Measured spectral responses of the variable dispersion grating.
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Fig. 5.7. Measured group velocity delay responses of the variable dispersion

grating.
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The measurements of the dispersion magnitudes of the device against the
maximum vertical deflections are presented in Fig. 5.8, overlaid with the
theoretical curve generated from Equation (5.44). The measured values are
obtained by evaluating the grating delay characteristics within the 3-dB
bandwidth wusing the least-squares fitting method. On the other hand, the
theoretical dispersion curve results from analyzing the Bragg wavelength
differences between the two edges of the grating structure, such that AL =L, for
several bending positions. The plot for the corresponding 3-dB bandwidth
measurements is also shown in Fig. 5.8, together with the theoretical values

obtained via the transfer matrix method.
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Fig. 5.8. Dispersions and 3-dB bandwidths against deflection amplitudes.

5.6 DEMONSTRATIONS OF DEVICE APPLICATION

5.6.1 CHROMATIC DISPERSION COMPENSATION

The device was successfully used to compensate the chromatic dispersion in a
non-zero dispersion shifted fibre of length approximately 40 km. This fibre had

zero dispersion at a wavelength near 1460 nm and dispersion slope of roughly 0.05
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ps/nm’/km. In order to compensate this length of fibre, the device was adjusted
to provide a dispersion value of -173.2 ps/nm, at which its 3-dB bandwidth was
around 2 nm. The time delay responses of the optical fibre and the proposed
device adjusted exactly to the negative dispersion value of the fibre is shown in
Fig. 5.9, superimposed with the time delay response measured after the fibre and

the device.
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Fig. 5.9. Individual group delay responses for the fibre Bragg grating and

transmission fibre and the magnified response after compensation.

An experiment on optical data transmission was done in collaboration with
the “optical communications system group”, in particular Mr. Michael Roelens
(research student) and Dr. Benn Thomsen (research fellow). Optical pulses were
generated by carving the continuous wave (CW) light from a semiconductor DFB
laser operating at 1550 nm [108]. The pulse carving process was accomplished
using a dual-drive Mach-Zehnder interferometer in a form of Lithium Niobate
(LiNbO;) modulator. The modulator was dc biased at a peak of its switching
characteristic and driven sinusoidally between two adjacent minima at a
frequency of 5 GHz. In order to yield a return-to-zero (RZ) pulse source with 10%
duty-cycle, the chirped-pulse-compression technique was utilized. The resulting
pulse train with a repetition rate of 10 GHz was chirped using a phase modulator

driven at the same frequency. The phase modulator was also a LiNbO; modulator.
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The magnitude of the driving voltage was set such that compression by 5 km of
standard single-mode fibre (SMF) produced pulses with approximately 10 ps
width. These output pulses were then modulated with 10 Gb/s PRBS data and
transmitted through 40 km and 80 km non-zero dispersion shifted fibres, once
amplified by an erbium-doped fibre amplifier (EDFA). Finally, the dispersion
compensation of the transmitted optical data was performed by our proposed
device at the end of the fibre span, where it is adjusted to the appropriate

negative dispersion values. The whole system setup is illustrated in Fig. 5.10.

Amplitude Phase
Modulator Modulator
CW Laser
5 km SMF f
Electronic
Amplifiers 10 Gb/s
Transmission Data
Fibre EDFA
88| 5GHz 10 GHz
0000
0000
= @
00 .
Variable
Diagnostics Dispersion Compensator

Fig. 5.10. Experimental setup.

The performance of the system was diagnosed through the Q measurements
[109], in which dispersion compensations after transmissions over 40 km and 80
km fibre produced Q-value of 19.5 dB and 17.5 dB, respectively. Therefore, the
penalties were small in relation to the Q-value obtained from the back-to-back
operation, which was 21 dB. The eye diagrams for the dispersion compensated
transmissions over 40 km and 80 km fibres are shown in Fig. 5.11. The eye was

hardly open without the dispersion compensation.
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(b)

Fig. 5.11. Eye diagrams for a) back-to-back operation and dispersion-compensated

transmissions over b) 40 km and c) 80 km fibres.

5.6.2 BANDWIDTH-VARIABLE FILTER FOR SPECTRUM-SLICED
WDM SYSTEM EXPERIMENT

Our proposed device has aided an experimental study on receiver filtering
effects in a spectrum-sliced WDM system using semiconductor optical amplifier
(SOA)-based noise reduction [110]. This experiment was exclusively carried out
by Mrs. Anoma D. McCoy, a member of the “optical communication system
group”. In the experiment, incoherent light originated from an EDFA was
subsequently polarized and equally coupled into three optical paths. Three
channels were generated by individually slicing a band of spectrum with a fibre
Bragg grating with a 3-dB bandwidth of approximately 0.24 nm in each path.
Each output was then intensely amplified by an EDFA and fed into an SOA. The
SOA was compelled to operate in the non-linear regime and thus enabled the
intensity noise suppression procedure. The processed light was then modulated

with 2.5 Gb/s PBRS data through an LiNbO; modulator. All channel signals
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were then wavelength-division multiplexed using a passive coupler. Finally, our
device which in this demonstration, comprised a 30 mm fibre Bragg grating, was
placed just before detection, wherein the ability to continuously vary the
bandwidth of the device was exploited to define the bandwidth of the received
signal. The schematic of the system is illustrated in Fig. 5.12.
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Fig. 5.12. Experimental setup.
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Fig. 5.13. Spectra of the a) bandwidth-variable filter and b) filtered detector input.
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The filtered spectra of the transmitted signal are shown in Fig. 5.13, along
with the spectral responses of the bandwidth-variable filter. The dispersive
behaviour of our device has no implication to a low bit rate system, such as this
case. Instead, the system performance is influenced by the degree of depletion of
the intensity noise suppression effect caused by the wavelength-division
demultiplexing process, as well as the inter-channel crosstalk. The measurements
of Q-factor as a function of receiver filter bandwidth are shown in Fig. 5.14 for
spacings of 0.6, 0.8 and 1.0 nm. Conclusively, through analysis of the Q-
measurements of the system in response to the varying demultiplexer bandwidths,
our device allows the determination of the optimum bandwidth of demultiplexers

for such systems.

Q-factor

Single channel

12 Bt . 1 ! L 1
0.6 0.8 1.0 12 14 1.6

Receiver filter 3-dB bandwidth (nm)

Fig. 5.14. Three channel system @ measurements at 0 dBm for varying filter

width and channel spacing. Single channel measurements are also shown.

5.7 CONCLUSIONS AND FUTURE DIRECTIONS

Chirped fibre Bragg grating can be effectively utilized as a dispersion
compensation unit. This is attributable to the maturity of the fabrication

technology which allows production of high quality grating structures that show
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nearly smooth group delay characteristics. In order to continue being the top
technology, this device has to adapt to the next generation of optical fibre
networks wherein flexible traffic management becomes mandatory. Its

characteristics should therefore able to be conveniently reconfigured or tuned.

Mechanical stress provides the most efficient method to dynamically modify
the characteristics of a fibre Bragg grating. We therefore adopt this technique to
craft a dispersion-variable device. The mechanics of the device have been
presented in detail and its characteristics have been evaluated experimentally.
Various dispersion measurements agreed well with those obtained theoretically,
and such predictable behaviour is beneficial for tuning procedure. This
observation encourages the demonstration of the device application in a 10 Gb/s
optical data transmission system. Error free transmissions for distances of up to
80 km have been successfully undertaken. This length coincides with a typical
optical amplifier span, thus this device may be readily integrated in a repeater
module. The package does not continuously drain electrical power, such that it no
longer requires electrical power once set to a desired operating condition. In a
separate experiment, the bandwidth-variable property of the device has been
utilized in a study on receiver filtering effects in a spectrum-sliced WDM system
using semiconductor optical amplifier (SOA)-based noise reduction. In this
experiment, it served as a convenient tool to determine the optimum

demultiplexer bandwidth for the system with specific channel spacing.

The proposed device is capable of fully compensating the chromatic
dispersion in an optical amplifier span and therefore should allow the actual long-
haul optical transmission. This could be experimentally tested by using the
“circulating loop transmission experiment” [111]. It however places a stringent
requirement on the quality of the grating since noise sources due to intensity or
phase ripples are cumulative for such an arrangement. Unlike the actual system,
the usage of multiple fibre Bragg gratings averages the effect of the ripples.
Nevertheless, it may also be possible to yield the averaging effect in the
circulating loop transmission system by lightly vibrating the package at high

frequency.
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The adjustable bandwidth property of the device may find further
applications in the optical networks, for instance as a multi-channel band-pass
filter for selecting a varying number of channels. Such multi-wavelength as well
as high bit rate systems prefer that all network components are dispersionless.
Our proposed device can be transformed into a dispersionless bandwidth-variable
filter through addition of an identical fibre Bragg grating with equal dispersion
magnitude but opposite sign. Total cancellation of the intrinsic dispersion is
accomplished by feeding the output of the first fibre Bragg grating into the
second one through the shorter wavelength end. The second fibre Bragg grating
should be embedded at exactly the same distance from the neutral axis as the

first one.

In conclusion, our simple package can conveniently convert a fibre Bragg
grating into a variable dispersion compensator or bandwidth-variable bandpass
filter. The device characteristics are predicted and described mathematically, thus
facilitating the design process. It has the benefits of minimal electrical power
consumption, inherently polarization insensitivity and transparency to any data
modulation scheme or speed. Moreover, the package offers great design flexibility,
such that fibre Bragg gratings of any length can be accommodated through
appropriate adjustments of the distance between clamps and the grating’s
distance from the neutral axis. In view of all the abovementioned advantages, we
are therefore confident that this device could secure applications in the future

optical communication networks.
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CHAPTER 6

CONCLUSIONS

There are now practically no limits on the design of fibre Bragg gratings as
the fabrication systems have reached maturity. They have infiltrated into
virtually all applications in optical systems and exhibited exceptional
performances. It now needs to evolve into a fully reconfigurable or tunable device
as the optical communication systems are progressing towards truly flexible
networks. This thesis emphasizes on the design of fibre Bragg grating filters for
applications in optical communication systems, where the majority would
incorporate tunability. We have designed gain flattening filters from a targeted
spectrum without utilising the layer-peeling inverse scattering method. We have
also proposed a mnovel reconfigurable optical phase code generator. A simple
package for continuous wideband tuning of fibre Bragg gratings has also been
proposed. Finally, we have demonstrated a package for variable dispersion of

fibre Bragg gratings.

All-optical long haul optical transmission systems are made possible by
employing erbium-doped fibre amplifiers (EDFA). However, the variation in the
gain spectrum causes detrimental effects on multi-channel systems. Fibre Bragg
gratings can be used to even out the excessive powers from channels that have
experienced higher amplifications. Empirical observations suggest that the
magnitude of the transmission loss caused by fibre Bragg gratings indeed depends
on the chirp rate as well as the refractive index change. The fitting formula can
be used to design a grating from a desired spectral profile. We utilised this
approach to design fibre Bragg grating filters to be used in a transmission
configuration. Chapter 2 provides a full description of these filters, which

comprises fibre Bragg gratings with either modulated refractive index change or
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chirp rate. It is shown that the design procedure could produce gain flattening
filters of acceptable quality through simulations using the transfer matrix method.
This alternative approach is conceptually simpler than the inverse scattering
method. Moreover, it offers precise control over all parameters of the grating

structure.

Owing to the available advanced fabrication systems, fibre Bragg gratings
can be freely moulded into complex signal filters. This opens up an opportunity
for exploitation in optical code-division multiple access (OCDMA) operation. Its
successful operation is no longer of doubt, yet true advantage should emerge only
if it becomes reconfigurable. In light of this, we proposed a simple approach for
generating phase codes, utilising a uniform fibre Bragg grating. Full description of
the device can be found in Chapter 3. Phase modulation of a reflected signal was
achieved through the thermo-optic effect, induced by several fine heating
elements. We were able to demonstrate up to 16 bit code sequence with error free
signal recognition. This included applications in a simple coding-decoding
configuration and later extended to a bidirectional clock-distributed architecture.

This device has been comprehensively analysed in theory, as well as experiments.

Fibre Bragg gratings demonstrated excellent performance in spectral and
phase responses in many sorts of applications. However, the necessity to evolve
into a tunable device exists in order to become one of the enabling components of
truly flexible optical communication systems in the foreseeable future. The small
dimension of the FBG apparently permits structural modification for active
adjustment of its characteristics. This primarily involves changes in the grating
period. However, the material in which the grating is formed is brittle and fragile.
Therefore, any application of mechanical forces would be a delicate procedure.
Many approaches in applying stress on a FBG have failed to achieve large
tunability, as the fibre can easily break prematurely. We were able to delay this
occurrence by embedding the grating in a flexible plastic slab, which helps
holding the fibre firmly and thus preventing it from slipping from the fibre
longitudinal axis. The stress is obtained through bending, the magnitude of which
is enhanced through utilisation of composite beam. The beam is shaped by a

simple package, which directs necessary forces for appropriate bending moments.
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A continuously tunable fibre Bragg grating is demonstrated in Chapter 4,
which was able to achieve over 110 nm tuning range. The concept and
construction of this device are clearly presented. The accompanying mathematical
description provides accurate prediction of the operational wavelength. The
performance limitation of this device has been studied in terms of insertion loss,
spectral deformation, differential group delay (DGD) and polarisation dependent
loss (PDL). This study revealed that spectral response remains consistent
throughout the tuning process, implying uniform stress distribution along the
grating. On the other hand, an unexpected insertion loss was observed at intense
magnitude of stress. Through observation of the effect of intense stress on fibres
with various compositions, it was concluded that photosensitivity may promote
the effect. This is verified by a reduction of the stress point of massive insertion
loss in case of boron-codoped germanosilicate fibre with respect to a standard
fibre. Moreover, this point shifted up upon UV-exposure. DGD and PDL
measurements showed no change from their intrinsic value, at least within the
operational limit of the measurement equipment, which was coincidentally below
the stress point of massive insertion loss. Conclusively, this device can perform
very well when operating below the discussed point. This fact is supported by the
demonstrations of the device application in some crucial optical systems. Namely,
it has been used as a resonator mirror for high power fibre lasers and an
add/drop filter for an all-optical time-division multiplexed (TDM) to wavelength-
division multiplexed (WDM) system. Additionally, the package has successfully
accommodated an all-fibre distributed feedback laser (DFB).

The same approach has also been exploited for constructing a fibre Bragg
grating filter with variable dispersion. The description of this particular device is
documented in Chapter 5. The package is designed to produce linear stress along
an off-axis plane of a bending beam. This is achieved by vertically displacing the
two ends of an elastic beam. The generated shape has a point of zero stress at the
middle of the beam. Consequently, the time delay characteristic of an embedded
uniform or chirped fibre Bragg grating will be linearly varied with the centre
operating wavelength remaining constant. This device is capable of executing an
error free point-to-point data transmission of a single channel at 10 Gb/s data

rate. Additionally, another useful property is that the spectrum bandwidth
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increases with the stress gradient. It immediately found an application in a
spectrum-sliced WDM test system as a bandwidth-variable filter. These two

behaviours were shown to be mathematically predictable.

We have therefore added a few more novel forms of fibre Bragg grating
devices. Conclusively, these devices could become apart of the future optical
communication systems as supported by the convincing results from several
laboratory experiments presented in this thesis. Combining with further
improvement in the fibre Bragg grating fabrication, the simplicity of techniques
in modifying its characteristics as illustrated in the previous chapters would be an

extra advantage that will put this technology ahead of its rivals.
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