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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
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Doctor of Philosophy
PASSIVE AND ACTIVE BRAGG GRATINGS FOR OPTICAL NETWRKS
by Zhaowei Zhang

This thesis investigates fibre Bragg grating (FB@&yices. Specifically, it consists of
the developments and applications of two groupiesefces: the optical phase
en/decoders and the tunable fibre Bragg gratingean an S-bending technique.

Three types of FBGs based optical phase en/degadeluding conventional discrete-
phase en/decoders, new reconfigurable-phase enlgles;@ontinuous-phase en/decoders,
and their applications in optical code division tipik access (OCDMA) systems are
studied in this thesis. A reconfigurable-phase etdder is composed of a uniform FBG
and a series of equidistant tungsten wires in @bntéh it. The spatial phases along the
FBG are configured by controlling the electricatremts through the tungsten wires. Its
reconfiguration time is demonstrated to be less tha seconds. In order to obtain the
full information about a reconfigurable-phase eonftker, the pulse response method is
introduced to accurately characterize the thermaliyiced dc refractive index variation
in an FBG. In addition, a new continuous-phase eauder is developed. It has a spatial
phase profile matching the reconfigurable-phaseacdeaccurately, and therefore, it has
the inherent advantage to operate together witltonfegurable-phase devices in a
reconfigurable OCDMA system.

The advantage of an S-bending tuning FBG is teatdntral wavelength is invariant as
the linear strain gradient along the FBG is altefilado new devices are developed by
embedding a pair of FBGs in a single uniform beantS-bending. One is the tunable
dispersion compensator with a wide tuning rangd,tha other is a tunable pure
dispersion slope compensator. The application @-éending tuning FBG in controlling
the output pulse width of a soliton fibre lasealso experimentally demonstrated.
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Chapter 1

Thesis overview

1.1 Background

Fibre technologies find great success in varapplications, including laser,
communication and sensor systems. Accompanyingtiatition is the proliferation of
new optical devices. Fibre Bragg gratings (FBG$)icv are inherently compatible with
optical fibres, are emerging as one of the key ammepts in fibre systems due to their
versatility and unique filtering capabilities [1-2]he design and fabrication techniques
for FBGs are still maturing.

Many powerful devices and valuable applicatibage been exploited using fibre
Bragg gratings [3-5]. In laser systems, FBGs as#l@s wavelength-selective reflectors
or wavelength-stabilization devices. In wavelendjthsion multiplexed (WDM) optical
networks, FBGs can be used as WDM de-multiplexeesdd/drop multiplexers, and
chirped FBGs (CFBGs) can compensate chromatic iigpein transmission fibres.
FBGs with complex structures have also been demaiestto carry out advanced optical
processing, such as pulse shaping, matched filtepinilse compression and other signal
manipulation functions. In sensor systems, FBGauaeel for providing distributed
sensing of strain and temperature.

Super-structured fibre Bragg gratings (SSFBGSs) een developed to implement all-
optical code generation and recognition in opticalde division multiple access
(OCDMA) systems [6]. SSFBG en/decoders, with aigpphase distribution following a
particular address code, can be easily designedadnidated to achieve temporal-phase-
encoding, which provides far better correlationfgenances than the amplitude-only
encoding. In the encoding process, the opticalgsulsre reflected from the SSFBG
encoder, and the spatial phase of the encodecrypmrd into the temporal phase of the
encoded pulse. For successful decoding, the encpaleds must be reflected from an

-1 -
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SSFBG decoder having a conjugate address codeet@riboder. The spatial phase
distributions in conventional SSFBG en/decodersf@mmed by inserting discrete phase-
shifts in the process of grating writing.

Dynamic dispersion or dispersion slope compensatoone of the most important
applications of FBGs. In a high-bit-rate systenughsas 40Gb/s or 160Gb/s transmission
system, due to the large signal bandwidth, theedspn tolerance becomes so small that
even a tiny variation in dispersion can severefjuence the network performance and,
therefore, a dynamic dispersion compensation isiired| in these systems [7-8]. The
function of dynamic dispersion tuning can be realiZy using a tunable FBG. The
Bragg wavelength of an FBG is sensitive to tempgeadr strain. By applying a variable
temperature or strain distribution along an FBG,dispersion or dispersion slope could
be dynamically controlled. For a dynamic dispersammpensator, a wide dispersion
tuning range is essential and it is also highlyirdete that the central wavelength is
invariant during the dispersion tuning. For a dyiadispersion slope compensator based
on an FBG, it is crucial that there is no additiashapersion while the dispersion slope is
adjusted.

1.2 Motivations and main achievements

To improve the functionality and flexibilty ddCDMA based optical networks, it is
desirable to have OCDMA en/decoders with the capaxfi dynamic reconfiguration.
Recently, a reconfigurable phase en/decoder hasderaonstrated [9]. It is composed of
a uniform fibre Bragg grating and a series of egtgght tungsten wires in contact with
the FBG. However, in that work, the specific distition of thermally induced phase-
shifts in the reconfigurable devices was not charaed.

In this thesis, we develop a pulse response methgdwhich the spatial phase
distribution in a reconfigurable phase en/decodeulct be directly obtained from
measuring temporal phases of the reflected oppelsles from the FBG. Using the new
characterization scheme, we measure the thernrallyced phase distribution produced
by tungsten wires with different diameters. Fulhcdcterization of the phase distribution
also helps us to understand and analyze OCDMA mgstesing the reconfigurable phase
en/decoders. New reconfigurable-phase devices lae tonstructed using the wire
which produces the most confined phase-shifts. dévces’ capacity to conduct fast

dynamic reconfiguration is also demonstrated.
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In a reconfigurable OCDMA system, the reconfigueaphase decoders are used to
retrieve the signals from fixed-code SSFBG encadersonventional fix-code devices,
the phase-shifts are discrete, while in a reconfiple-phase decoder, the phase-shifts are
inherently distributed. Therefore, under the sarobeninal code sequence, the spatial
phase distribution in a reconfigurable-phase emdeconly roughly follows that of a
discrete-phase en/decoder. In this thesis, we smpnd experimentally demonstrate a
novel fixed-code en/decoder with a phase profilsigleed to accurately match a
reconfigurable en/decoder. This new continuous-@lievice has the inherent advantage
to be able to operate together with reconfigurgblase devices in a reconfigurable
OCDMA system.

By embedding a linearly chirped FBG in a umfdoeam and bending the beam in an
S-shape, the dispersion of the FBG could be cdettolhile its central wavelength was
invariant [10]. This unique advantage gives thee8eling technique great potential in
tuning the dispersion or dispersion slope of an FBGhis thesis, using the S-bending
technique, we develop several novel device condiioms and applications, including a
tunable dispersion compensator with a wide tunamge, a tunable pure dispersion slope
compensator, and also an application in tuningotiiput pulse width of a fibre laser.

1.3 Organization of the thesis

The thesis is divided into three main subsesti@hapter 2 is an introduction to fibre
Bragg gratings. The theoretical parts include howartalyze or synthesize FBGs. Then,
the manufacturing and characterization technigéidibr@ Bragg gratings are
summarized. Also reviewed are the applicationsB&8§, including fundamental
applications, advanced applications and tunalulitifore Bragg gratings.

The first Subsection is Chapter 3, in whichplése response method is developed to
characterize the spatial phase of an FBG. A frequeesolved-optical-gating (FROG)
technique, based on an electro-absorption modulg#i), is used to measure the
amplitude and phase of the reflection pulses frarRBG [11]. Under the weak grating
approximation, the spatial phase of the gratindjrisctly retrieved from the temporal
phase of its pulse response. FBGs with discretkstnibuted phase-shifts are
characterized using this technique. The methodsesdts reported in this chapter forms
the framework to analyse and design reconfigurabhese OCDMA en/decoders.
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The second Subsection is about the three typeBGtlfased OCDMA en/decoders
and their system performances. From the point@i\of fibre Bragg gratings, Chapter 4
introduces the principles and design of OCDMA systdased on conventional discrete-
phase en/decoders. The issues, such as the effeptting strength, choice of input
pulse width, tolerance of central wavelength offsstiveen encoders and decoders,
choice of chip length and chip number are discusSkdpter 5 is related to the
reconfigurable-phase OCDMA en/decoders. Based @ghiaracterization of the phase
distribution in a reconfigurable-phase en/decotter OCDMA system using the
reconfigurable-phase devices are analyzed anditdst€hapter 6, we propose and
demonstrate a fixed-code and continuous-phase OCBMdecoder, which has the same
spatial refractive index distribution as a recoafaple optical phase encoder-decoder for
the same nominal code sequences, and therefarieeisently suitable for the application
in a reconfigurable OCDMA system.

The third Subsection is on tuning the dispersiard{gpersion slope) in FBGs using an
S-bending technique. Chapter 7 first reviews tispelision in fibres, the dispersion
compensation methods using chirped FBGs or otlentques, and dynamic dispersion
compensation techniques using tunable FBGs. Therf-bending technique and
dispersion tuning devices based on it are describebwing this are two novel devices
based on the S-bending technique. One is a tudadgersion compensator with an
enhanced dispersion tuning range, and the otleetusable pure dispersion slope
compensator. Applications of tunable dispersiocantrolling the pulse width of a
soliton fibre laser are then reported.

The final chapter gives a summary and possibledutlirections related to the work
reported in this thesis.




Chapter 2

Introduction to fibre Bragg gratings

2.1 Analysis of fibre Bragg gratings

A fibre grating is a fibre on which a periodicquasi-periodic index modulation
profile is formed in the core. A fibre Bragg grafiis simply an optical diffraction grating
[12], in which the incident optical field within éhfibre is reflected by successive
scattering from the index variations. In a fibne&g grating, coupling mainly occurs
between two identical modes travelling in oppoditections and, according to the
grating equation, constructive interference onlgurs as the Bragg reflection condition
is fulfilled, i.e.

A, =2n,A (2.1)
wherey, is the Bragg wavelengtim, is the effective modal index ands the grating

pitch.

2.1.1 Coupled mode equations

The grating is treated as a perturbation ta¢fractive index of the fibre, described by,
An(z)=an, (2) + an(2) CO{ZT]T z+ 0(2)} : (2.2)

where, An, (z)and an, (z) are respectively the “ac” and “dc” index pertuitat A is the
nominal period and/(z) is the grating phase once thez/A dependence is removed. If
the unperturbed fibre has a refractive index peafi, y), the overall refractive index

profile of the perturbed fibre will be
n(x, y,z) =n(x, y)+4n(z) (2.3)
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Fibres are weakly guiding, so we assume On,, On,, wheren, is the refractive index

cl 1

in the cladding anah,, is the effective refractive index of the guideddemf the
unperturbed fibre.

Near the Bragg wavelength, reflection of a made an identical counter-propagating
mode is the dominant interaction in a Bragg gratinghe ideal mode approximation to
coupled-mode theory [1][13-15], we assume thatob&! electric fields in a Bragg
grating can be represented as a superpositioreaghtides in an ideal waveguide without
grating perturbation,

E(x. v, 2t) = [A(z) expli/5z) + B(z) expl-i z)] O (x, y) texpl-i at) (2.4)
whereA(z)expifz) and B(z)exd-iz) are respectively thedependence of forward and
backward modesg(w) = n,k is the scalar mode propagation constant kary/ 1 is the
propagation constant in vacuum. Functigr y) describes the transverse dependence of

the electrical field. It satisfies the scalar waegiation for the unperturbed fibre,

9®  0° 222 i _
L T )-8 9l @5)

The total electric field&(x, y,zt) satisfy the scalar wave equation for the perturbed

fibre,

0° ,0° 0" .. -
o +ayz +azz +k2n?(x, y, z) |(E(x, y, z,t)=0. (2.6)

In weak coupling, further simplification is pos&ldy applying the slowly varying
envelope approximation (SVEA). This requires tihat amplitude of the mode change

slowly over a distance of the light wavelength as

0°A 0A
A= ®
Substituting Eq. (2.4) into (2.6), and using E3), (2.5) and (2.7) leads to
{%exp(iﬁz) -gexp(- iﬁz)}q-’(x, y)= i% (nz _ﬁzlAex}:(i,Bz) +Bexp(-igz)|w(x, y) (2.8)

Multiplying both sides by"(x,y), integrating over they-plane, and using the relation
n?-n" =2n0n, results in
I oxli22)- 28 expl-i g2
dz dz
. a . 1 (2 (2 (2.9)
= ik[Aexpli )+ B exp(- i) An,, +4n,, —| exg i T+H(z) +exy] —i T+H(z)
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Eq. (2.9) can be greatly simplified by considgrihe synchronous approximation [14],
which neglects terms that contain a rapidly odiiitaz dependence, since this
contributes little to the growth and decay of thepétudes. This is also an application of

momentum conservation in the system
21T
-3+ AQ
p=-p+3 10)

This is valid if the interaction is close to theaBg wavelength
Ay =2n A\ 2.11)

The following coupled mode equations (CME) are tbbtained from Eq. (2.9),

Z—?: ioA+ikBexd-i(26z-6(2))] (2.12a)

% = -ioB -ikAexdi(2dz- 6(2))] (2.12b)
where

o(z)= % @n,(2) (2.13)

k(z)=2 mn, (2) (2.14)

5=p _% (2.15)

ando(z) is the ‘dc’ coupling constank(z)is the ‘ac’ coupling constantis the
frequency detuning parameter.
To transform Eq. (2.12) into the simplest cacakform, new amplitudes(z, 5) and

v(z,d)are introduced, which are related to the forward lzackward field(z)exp(i5z)

andB(z)exp(-iz) by

u(z,9) = A(2) exr(iﬂz)exr{— i %T zj ex;{— i i—j;[Andc (z')dz} (2.16a)

v(z,8) = B(z)exp(- iﬂz)exr{+ i %T zj ex;{+ i i—:T'[Andc(z' )dz} (2.16b)
Substituting (2.16) into (2.12) leads to the finalpled mode equations [16]

%u(z, 6)=+idu(z 5) + q(2)v(z, 3) (2.17a)

%v(z, 6)=-idu(z,8)+ q°(2)u(z o) (2.17a)
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Note that the scaling factors in (2.16) are indelgen of frequency. Hence, we can

simply treat the new variablegz, 5) and v(z,5) as fields themselves once the reference

planes have been fixed. The coupling coefficign}is related to the index profile as

ale) =720t ex{{e(z)— T fan, e gj] (2.18)
or,
ol2)= K(z)ex{i(ﬁ(z)— 2 j o2 )az gﬂ (2.19)

The modulus of the coupling coefficieafz) determines thgrating amplitude and the
phase corresponds tioe grating phasenvelope, which is composed of grating chirp,

average refractive index profifé,, (z) and discrete phase-shifts. Note that the phase

term due to the “dc” index perturbatidndc(Z) has the same effect as the geometrical

phase; as a result the two types of phase contributaamnot be separately identified

from the grating response.

2.1.2 Solving the coupled mode equations
Uniform gratings

The coupled mode equations can be solved acallytwhen the grating is uniform,
that is, whenk(z) and o(z)are constant andd(z)/dz=0. In this condition, Egs.(2.17) are
coupled first-order ordinary differential equatiomsh constant coefficients. The
reflectivity of a uniform fibre grating of length can be found by assumin@,¢) =1,
which means that the forward-going wave is consafitihe incident, andL, 5)=0, which
means that no backward-going wave exists at thegtite grating. Then the resultant
amplitude reflection coefficient can be shown to be

_M0.0)_  -q’sinh{t)
r(0)= u(0,0) ycosf(j{_)—ié'sinl"(u_) (2.20)

wherey = \/|q|27—52 Is the propagation constant inside the scattegaggn. The value of

y defines the band-gap of gratings. Inside the lggaqly is real and the propagation is
evanescent, while outside the band-gaps imaginary and normal propagation occurs
[17].

Transfer matrix method
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For non-uniform gratings, the reflection and trarssion spectra can only be solved
numerically. One approach is the direct numericgggration using the Runge-Kutta
method [18], which is straightforward but usuallry slow. The often preferred and
more efficient approach is the transfer matrix radt{itMM) [19].

The transfer matrix method is a piecewise-unifoppraach. The grating is divided
into N uniform sections, each section with a lengtlfj = 12,---,N). Each sub-grating
should be long enough so that the synchronous ajppation still holds, but sufficiently

short so that it can be treated as a uniform gga@olving the coupled mode equations of
each sub-grating, seen as a uniform grating, yiddollowing transfer matrix relation

U(Zj +AZ]) —
rav
coslﬁyj mzj)+i£sinr{yj mzj) isint{yj mzj)
T = Y Y
j (2.22)

Sy @2)  cosly )i sy 2o)

] ]

\Lt ﬂ (2.21)

The matrixT, connects the fields betweenandz, +Az, . Hence, the fields at the two

ends of the grating could be connected through
u(L) u(O) u(O)
=T [T. .---[T =T
{V(L)} v Hna 1{\/(0)} {V(O) (2.23)
whereT =T, [T, , O--T, is the overall transfer matrix of the complex grgt The overall

matrix T is a 2 x 2 matrix

Tll T12
e[t 5] 220
OnceT is found, by using the boundary condition§of=1, andv(L)=0), the reflection

coefficient and transmission coefficient of thetgmg is obtained as

((6)= —% (2.25)

t(8) = (2.26)

1
T22
The transfer matrix method is stable and effit&nce relatively few sections are

required for accurately analyzing most common ggsti
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2.1.3 Weak gratings

As the grating is very weak, that is, in the limit 0, solutions of the coupled-code
equations (2.17) are=u, exp(iz) andv =v, exp-id). Using the boundary condition, they
are reduced to=expid&) andv=0. In this case, the first order Born approximatioeans
that the forward propagating wave is unaffectedheygrating, and so=exp(i&). By

substituting this into Eq. (2.17) and using thermary condition, we obtain the grating
reflection coefficient [20]

r(d) = —j q°(z)expli2d2)dz (2.27)

whereL is the length of the grating. A Fourier transfamtationship is established

between the grating coupling coefficieqi{z) and its reflection spectrury),
'[ d)exp(-i2dz)dd (2.28)

Although this Fourier transform relation does hold when the grating is strong, the
information from this Fourier transform is stillluable in the analysis and design for
fibre Bragg gratings.

In the following, we will show that, in the wegrating approximation, there is a linear
relationship between the complex coupling coeffiteyz) and reflection impulse
responsdi(t) of FBGs. The time delayof light reflected from an FBG at the spatial goin

Zis,

2n,,
S z (2.29)

t=

where,c is light speed in the vacuum, ang isthe dc effective index in an FBG.
Substituting Eq.(2.29) into (2.27) leads to

2ngft L
g Cc
2n,,

The impulse response of an FBG is the inverse Eptransform of its frequency

tJ expli at)dt (2.30)

response,

:Zij: (t) expli et )t (2.31)

—o0

Comparing Eq.(2.30) and (2.31), the impulse respafi@n FBG can be expressed by its
complex coupling coefficient,

-10 -
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n(t) = -aq*{zc

eff

tJ (2.32)

wherea is a positive constant. Note that from Eq. (2.189,have,

~q°( expMz j z )z - J] (2.33)

Therefore, using the space-to-time conversionicglahip in Eq. (2.29), the phase of the
impulse response of an FBG could be directly olthiinom its spatial phase

ek -

2.2 Synthesis of fibre Bragg gratings

The synthesis of fibre Bragg gratings involves iimgdthe grating structure, which can

be expressed by the complex coupling coeffiaifn)t from a specified reflection
spectrum(s). One approximate method, which is based on thei¢tomansform

relationship (as shown in Eq. (2.28)) between thamex coupling coefficient and the
complex reflection spectrum of a grating, is uséiuti can only be used to design weak
gratings.

The grating synthesis problems can be solved hyrgpintegral equations, but the
simplest and most direct approach is the diffeegioti direct method, which is also called
the layer-peeling method [21-25]. The layer-peehmgthod was first developed by
geophysicists like Goupillaud and Robinson and fivasapplied in the field of grating
synthesis by Feced et al. [22]. Later, Skaar eefdrmulated and improved it in a
simpler form. Our description of the layer-peelngthod largely follows that of Skaar et
al. [23-24].

The layer-peeling method is based on causalityctiupling coefficient of the first
grating layer is determined only by the leadingeed@the reflection impulse response,
since at the very beginning of the impulse resppligget does not have time to propagate
more deeply into the grating, and hence, “seesy thd first layer. Thus one can identify
the first layer from the desired response. Aftés,tthe fields are propagated to the next
layer of the grating. Now one is in the same situaés at the beginning, since the effect
of the first layer is “peeled off”. This processcntinued to the back of the grating, so
that the entire grating structure is reconstructée. layer thickness must be chosen to be

- 11 -



Chapter 2 Introduction fo fibre Bragg gratings

sufficiently small so that the complex coupling ffméent can be approximated as a
constant throughout the layer.

The grating synthesis can be facilitated bgraiSzing the grating into a stack of
complex reflectors. The transfer matrix (2.22) barapproximated by a product of two

transfer matriceg,T,, one (T,) describing a discrete reflector, and the othey) (

describing the pure propagation of the fields [22],

T, =(1—|p|2)'{_1p L } (2.34)
T ™ {exp(ig e exp(—(i)a'mz)} (2.35)

where the discrete, complex reflection coefficisngiven by

u]

p= —tanrﬂq| Dlz)%' : (2.36)

The reflector matrixr, is obtained fronT by lettingq - « and holding the total coupling

|qaz constant, and the propagation matrjys obtained by letting - 0.

po p1 p2 PN

v
N

Az Az

Fig 2.1 A discrete grating model

Then, the grating can be represented as a sfack 1complex reflectorsp, for
j=01...,N, separated by propagation sectioms, as shown in Fig. 2.1. Using (2.34)

and (2.35), it can be shown that transferring tblel$ by the matrixr, T, can also be

described as
(5):exp(-mz)“(")+”i (2.37)

" 1-pr (9)

j+l

wherer, (8)=v, (8)/u, (3).

-12 -
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Under the discrete model of gratings, the reconstm problem can be stated as

finding the coupling coefficients, forj=01...,N through the given reflection spectrum
r(d) in the intervatg,/2<5<3,/2.
The reflection impulse responsé)of the discrete grating is also discrete. It can be

determined by calculating the discrete-time invétsarier transform of the reflection

spectrum (0)
)= r(s)exd(-i5 i 2a2) (2.38)

because the impulse response is discrete withatimple periodaz, which is equivalent
to the round-trip propagation length of one layefollows that r(s)is periodic with the
spectral period

J,=n/Az. 2.39)
The layer-peeling algorithm is based on the sinfgdé that the first point of the impulse

response must be independent ofdhie for j=1 due to causality. Hence,
o, =h(0). (2.40)
Sincep, is already known, we can propagate the fieldsgu&ri37), yielding the fields at
the next layer. The algorithm can be describedbsws.
(1) Computeo, =h(0) from r,(3) using (2.38).
(2) Calculate, (d) from r,(d) and p, using (2.37).
(3) Repeat step (1) and step (2) untilethigre grating structure is determined.

2.3 Formation of fibre Bragg gratings

2.3.1 Photosensitivity in optical fibres

Photosensitivity refers to a permanent changefractive index induced by exposure
to light radiation. Ref [1-2] gives a general ravien the photosensitivity of fibres and
the routes to photosensitization. In silica (§ifibres, it is recognized that the
germanium (Ge) related defect centres are the noajuributors to photosensitivity.
Standard telecommunication fibres show weak phogigeity because of their low Ge
concentration. High-Ge-doped fibres can exhibglgly higher photosensitivity due to
the increase of Ge concentration. Doping with banaime Ge-Si optical fibre can
improve the photosensitivity further and anotheraaddage of the presence of boron is

-13 -
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the large reduction in the background refractivseiy consequently allowing more Ge to
be added in the core for a given core-claddincantiive index difference. Higher
photosensitivity can by achieved by soaking Ge-ddji®e in hydrogen [26].

Typical values for the index change in FBGsrargjing between 10and 1C,
depending on the UV-exposure and the type of thre fiBy using techniques such as
hydrogen soaking, an index change as high Zxt0ld be obtained [27].

2.3.2 Fabrication of fibre Bragg gratings

The first fibre grating was formed using theemial writing technique [28], but this can
only be used to fabricate the so called ‘Hill" gngt which unfortunately only functions
close to the wavelength of the writing light. Theddgraphic technique, based on an
interferometric structure, was first demonstratgdveltz et al. [29]. The UV light is first
divided into two beams at a beam splitter and teenmbined at a certain mutual angle
to produce a periodic interference pattern thatesra corresponding periodic index
grating in the core of optical fibres. The Braggvelangth of gratings fabricated by this
technigque depends on the irradiation wavelengtht@anutual angle between the two
beams. Therefore, gratings with different Bragg e¥armgths can be written by changing
the mutual angle. Its main disadvantage is itsequigtaility to mechanical vibration.

The holographic technique has been largely sa@ged by the phase mask technique

[30-31]. A phase mask is a uni-dimensional surfaief grating of period\,,, etched in

a UV-transmitting silica plate, with a carefullyrdoolled mark-space ratio and etching
depth. It is designed such that the maximum diffoacefficiency is obtained for
thet1orders and the zero order is minimized. UV lighliak is incident normal to the

phase mask, passes through the mask and a nebpditérn with periodicity =A /2

is produced by interference of thiorders. The interference pattern is then imprimated
the fibre core by placing the optical fibre in cacttwith the phase mask. Through the
introduction of a phase mask, sensitivity to meatalrvibrations is minimized.
Furthermore, it is possible to scan the UV bearmubgh the phase-mask so that the
length of the written grating is not limited by timerference pattern size.

The drawbacks of the phase mask technique anehigsant lack of flexibility and as a
result the high-cost considering that fabricatiagregrating with a new structure requires
a new phase mask to be fabricated. In the followgmgion, a continuous grating writing
technique will be discussed.

-14 -
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2.3.3 Continuous grating writing techniques

To improve the flexibility of the phase mask teitfue, a moving fibre-scanning beam
approach [32-33] was demonstrated, in which théqdemsitive fibore moves slowly
relative to the phase mask while the UV beam soaas a phase mask. By controlling
the movement of the fibre, various complex gratiogsld be fabricated using a simple
uniform phase mask. Gratings detuned from the foneddal Bragg wavelength of the
phase mask are obtained if a fixed moving veloisitgpplied to the fibre; chirped
structures are achieved by applying accelerati@p; ghase is inserted by moving the
fibre through an appropriate fraction of the grgtpitch; apodization is accomplished by
the application of a dither to the fibre during tig.

244 nm CW laser | A Computer +
igl controller unit
<
g
||

AOM

Fig.2.2 Fabrication setup for the continuous ggatimiting [36].

A more effective approach is the continuousiggatvriting technique [34-40]. A
typical fabrication setup is shown in Fig.2.2. &&l of writing a grating element at a
time, the idea is to write a sub-grating per iraaidin step, and the whole grating is
formed by writing a number of sub-gratings [41] TV beam does not scan the phase
mask and the phase mask is also stationary. Theifliranslated with constant speed
relative to the UV-fringes, with its position beiagcurately tracked by a Michelson
interferometer with a sub-nanometre accuracy ipldement measurement. Each sub-

grating is formed by using the data of fibre pasis and modulating the UV-laser power
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to be on as the fibre reaches the desired podiioinradiation. The length of the grating
fabricated is therefore no longer limited by thegth of the phase-mask.

A fibre grating with complex structures, sushapodization, chirp and discrete phase
shifts can be written by controlling the relativeage (position) of consecutive sub-
gratings on a local basis. Apodization is obtaingaonsidering the grating as formed by
many consecutive pairs of sub-gratings. If two ecnsive sub-gratings are in phase, the
resulting grating will grow constructively. If theyre shifted by half of the grating pitch
with respect to each other, the resulting gratifigwanish. Then any value between
destructive interference and constructive interfeeecan be obtained by controlling the
relative phase between the two sub-gratings. Alsipgase jump between two sub-
gratings produces a discrete phase shift; a lidegshasing of successive sub-gratings
results in a Bragg wavelength change; a quadratiohdsing of successive sub-gratings
causes a linear chirp. Using the continuous gratinting technique enabled gratings
with almost arbitrary complex features to be maatufized.

2.4 Characterization of fibre Bragg gratings

A grating can be represented by its complex bogoefficient (including amplitude
and phase), as shown in Eq. (2.18). A grating tsmlze represented by its transfer
characteristics, such as reflection spectral ouisgresponses (including intensity and
phase). The spectral and impulse responses ofiagyeae a Fourier transform pair. The
spectral response of a grating can be deducedifsospatial profiles using the transfer
matrix method (as shown in Section 2.1), whilegpatial profile of a grating can be
recovered from its frequency response throughrmerse scattering method (as shown in
Section 2.2) [42-43].

In this section, we will discuss the modulatmirase-shift [44-46], optical low
coherence reflectometry (OLCR) [47-58] and sidéddtion techniques [59-63], which
directly measure the spectral response, impulgmrse and complex coupling
coefficient of an FBG, respectively. Other tecluag developed for charactering an FBG
include the heat scan [64], index perturbation @&d optical frequency-domain
reflectometry (OFDR) techniques [66-67].
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2.4.1 Modulation phase-shift method

Intensity modulator EDFA
Tunable | FBG under test

laser | U

RF output
Photodiode

Network analyze
(Phase comparison)irg input V4

Fig.2.3 Measurement setup for a modulation phaskade

Measuring the intensity of the reflection spectmina grating is straightforward. By
coupling a broadband source (usually the ampl#igantaneous emission (ASE) from a
fibre amplifier) via an optical circulator into tlikre grating, the reflected optical power
spectrum can be measured by an optical spectrulyzendOSA). However, a full
characterization also includes the measuremens phase or time delay response, for
which a modulation phase method is frequently 4444

The setup for a modulation phase method is shovigin2.3. The light from a tunable
laser is modulated by an optical intensity modulatad the driving signal, with a
frequency of, is from a network analyser. The modulated lighthien launched into the
grating to be measured. The reflected signal isaletl by a photodiode and then
introduced back into the network analyser. Theyaeslcompares the phase difference
between the received signal and the driving eleadtgignal. As the wavelength of the

tunable laser is tuned, the phase difference arddfegent wavelengthag(4)is scanned.

The relative time delay at different wavelengths is

_ 1 Adh)
T(A)—T oy (2.41)

This method has been widely used in characteriziageflection or transmission time
delay spectra of gratings or other optical comptsidts main disadvantage is the
duration of measurement because temperature wansadiuring the course of
measurement may cause errors. Several improvedite@s have been proposed to
minimize this error, for example, by using the sigfollowing the modulator as a
reference or by incorporating a separate refersigeal [45-46].
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2.4.2 Optical low coherence reflectometry technique

Low-Coherenct

Sourct Isolatol FBG under test
X — <«—>—mmm
Coupler <—>
} =
Mirror
Detecto

gl Setup for OLCR.

The optical low coherence reflectometry (OLQ4&R}-49] is used to directly measure
the impulse response of a fibre Bragg grating. Jdtep is shown in Fig. 2.4, which is a
fast scanning Michelson interferometer, with thed=&nder test in one arm and a
moveable mirror in the other arm. A spatially resal reflectogram is obtained by
varying the optical path length of the other arm.iAtuitive explanation of its principle
is that interferences only occur when the lengfhsoth arms are the same to within a
coherence length of the light source. The interdutected by the photodiode can be
derived to be [50-52],

\(r)= %T D{ [ Sl (@exs a)r)da)} (2.42)

where O denotes the real par$(w) is the spectrum of the low coherence sour@g)is
the complex reflectivity of the grating,=t, —t, is the time difference between the two
interferometer arms. Therefore, the interferograutié real part of the Fourier transform
of the product of the spectrum of the low coheresmérce and the complex reflection
coefficient of the Bragg grating.

In OLCR, the spectral bandwidth of the sourcefien much larger than the bandwidth

of the FBG under test. In this casi#w) may be treated as a constant, yielding
1(r)= consﬁEIZlTT D{'[rm(a)) expli a)r)da)} = constlh, (r) (34

Hence, ignoring the background power, the data ttwerwhite light interferometer
corresponds to the real part of the impulse respohshe FBG under investigation.
Generally, the amplitude and phase of the pulgsorese could be obtained by first
calculating the imaginary part of the impulse resg@from the experimentally measured
real part using the Hilbert transform, since theuitse response is a causal signal.
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Performing an inverse Fourier transform onrtleasured impulse response yields the
reflection and group delay spectrum of the grafs&j. In the case of a weak FBG, the
measured impulse response corresponds to the mdéulation amplitude and phase (or
the complex coupling coefficient). For a strongBG; an inverse scattering technique
should be used to retrieve the complex couplindfiotent [42, 54-58].

The OLCR measurement can be implemented irsecend and therefore is immune
to the ambient temperature variations and instraatehifts. This is a key advantage of

the OLCR technique over the modulation phase-gtetthod.

2.4.3 Side diffraction technique

Although the complex coupling coefficient of a gngtcould be retrieved from its
spectral or impulse response, it requires a sapaist inverse technique and may be
corrupted by noise. Therefore, a direct characton of the spatial index modulation
profile is still necessary. The side scatterinditégue has been proposed by Krug et al.
to measure the ac index modulation externally atbiegength of a fibre Bragg grating
[59]. A short wavelength laser (usually ~633nmifpisused onto the core of the fibre at
an angle where the first-order diffracted Braggdibon is satisfied for the probing
wavelength. The diffracted light is collected bleas and an optical detector. The
diffracted intensity is directly proportional toetlsquare of the ac index modulation. As
the beam is scanned along the length of the grategdiffracted intensity gives the
refractive index modulation profile. A modified teuque, the interferometric side
scattering technique, can also directly measurdotigitudinal changes in period of
FBGs, such as chirp, stitching errors and phades4bD-63].

2.5 Review of various fibre Bragg gratings and theiapplications

2.5.1 Standard fibre Bragg gratings and applicatios

Advantages of fibre Bragg gratings include lmsartion loss, compatibility with
existing optical fibres, low cost, and relativelgnple fabrication. Fibre Bragg gratings
have become a critical part in optical fiore systdii5]. Operating in reflection mode, a
uniform fibre Bragg grating functions as a narroantwidth mirror or optical band-pass

filter, only reflecting the light in a predetermahe@arrow wavelength range. While on the
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transmission mode, it works as an optical bandztige filter. In WDM optical networks,
cascaded fibre Bragg gratings have been used ademgth division multiplex (WDM)
demultiplexers or add/drop multiplexers [68]. Isdas, fibre Bragg gratings are used as
the laser cavity of fibre lasers, or used to stadihe operational wavelength of laser
diodes [4] [69-70].

A chirped Bragg grating is a grating with ayiag Bragg wavelength along its length.
Different wavelength components incident in thetiggawill be reflected at a different
position, and therefore will experience a differemte delay in the grating. Hence,
chirped Bragg gratings are used as dispersion cosapa's in transmission systems [71].
Tailoring the chirp of FBGs allows the compensatodhigher-order dispersion. Chirped
FBGs can also be used to stretch optical pulseéhrcing the peak power before
amplification, and therefore mitigating nonline#fieets; this is called chirped pulse
amplification (CPA) [72]. In ref [73], ~16000 timextreme pulse compression is
demonstrated.

Another critical application area of fibre grgfs is in sensor systems [5]. Any change
in fibre properties, such as strain, or temperatrieh varies the modal index or grating
pitch, will change the Bragg wavelength, and haheespectrum of the incident optical
signal. Therefore, a fibre grating is an intrins@sor to temperature or strain.

2.5.2 Advanced fibre Bragg gratings and applicatios

A distinguishing feature of fibre Bragg gratingshe flexibility they offer for
achieving desired spectral characteristics. Byrodiintg the refractive index modulation
amplitude, chirp, or phase-shift, we may obtairtiggs with flexible reflectivity,
bandwidth, and time delay features. Based on kmghility is the advanced grating
fabrication technique: the continuous writing teigie, by which a grating with a
complex spatial index modulation profile can beriedted using a uniform phase mask.
Summarized in the following are advanced FBGs aed applications.

Fibre DFB laser

In the fibre distributed feedback (DFB) lasephase-shifted Bragg grating is
incorporated into the active fibre [74]. Its advage includes: simple all-fibre structure,
high stability, tunability, narrow line-width, avorelative intensity noise (RIN), and a

precise lasing wavelength.
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Dispersion-free filter and pure third order dispens compensator

The dispersion-free filter [75] and pure thindler dispersion compensator [76] are two
typical examples to demonstrate the capacity oéflragg gratings in accurate time-
delay control. Both of them have complex spatidex modulation profiles, which is
composed of multiple pi-phase-shifts and complecdaation. Their design and
fabrication also demonstrate the power of the is&excattering grating design technique

and the continuous grating writing technique.

Optical processing using fibre Bragg gratings

As a filter with a versatile amplitude and phabkaracteristic, a fibre Bragg grating
could provide complex optical processing functitman incident optical signal.
Superstructured fibre Bragg gratings (SSFBGs) wisleries discrete phase-shifts are
successfully utilized as OCDMA encoder/decodergeierate and recognize optical
codes [6]. Soliton to rectangular pulse converssoachieved using a superstructured
fibre Bragg grating designed through the Fouriangform technique [77]. Pulse
multiplication is demonstrated using a sampledefiBragg grating which is in fact a
multi-pass-band filter [78].

Optical buffer

The function of optical buffering has been expentally demonstrated in Moiré or
phase-shifted fibre Bragg gratings [79-82]. Optjgalses transmit through the Bragg
gratings, and are slowed down due to the phot@sonmances in fibre Bragg gratings.

Broadband or multi-channel filters or dispersionngpensators

In nature, fibre Bragg gratings are narrowbaedaks, but they can be made
broadband by increasing the grating length, or biing it multichannel through
superimposing, Fabry-Pérot (FP) or sampling teakasq

Increasing the length of a chirped FBG will mase its bandwidth, but at the same time,
the fabrication error will increase and consequea¢teriorate the grating performance
seriously. Using a velocity-controlled approachei@ran et al. reported the realization of
10m-long chirped FBGs [40] [83-84 ].

A multi-channel dispersion compensator or fitten be made by writing separate
FBGs along the fibre, but this will be too largdevice. A better approach is to
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superimpose multiple FBGs in a common section effittre, with each grating being
characterized by its central wavelength and dispersharacteristics. Individual gratings
do not affect each other, but the number of sugeysed gratings is limited by the
maximum fibre photosensitivity. Using the superirsipg technique, 16-channel
100GHz-spacing dispersion compensators [85-86 Y ackkannel 50GHz-spacing
dispersion-free WDM filters [87] have been demoaistd.

By writing two chirped FBGs on one optical fibas wide-band mirrors [88-91],
Fabry-Pérot-like filters are formed. Moiré gratif§2] exhibit similar performances as
the FP structures. In a fibre FP filter with a me@ble free spectral range (FSR), the two
chirped FBGs can possibly be superimposed sindeSR is inversely proportional to the
displacement between the two gratings. To obtdlatamplitude response characteristic,
the fibre FP filters have been developed with midtcoupled-cavities [93-94], or been
combined with a Mach-Zehnder (MZ) [95] or Michelsoterferometer [96-98]. A
special fibre FP filter, Gires-Tournois etalon, hés been demonstrated using FBGs, in
which the reflectivity of one mirror (FBG) appro@&shone [99-102]. The fibre FP
structure can be used as interleaver or mux/deitiaxsf[95] [97-98] in WDM systems,
while operating in reflection mode, they functisraulti-channel tunable dispersion or
dispersion slope [99-102] compensators.

Another approach is the sampled FBG [103-106], hictv a periodic amplitude and/or
phase sampling superstructure is imposed on tlieFB€ so as to generate a number of
equally spaced reflective channels. Simple binarging [105] will create channels of
un-equal strength and bandwidth, while a sinc-stiaaenpling function [107] can
produce channels with identical characteristicswveler, by amplitude sampling, the
increase of channel number will result in the iaseof required refractive index to
maintain the reflectivity of the grating. Phase péng [108-110] has been proposed to
solve this difficulty. Minimum optimization methodsuch as the simulated annealing
method [111], simplex method [112], and conjugatagnt method [113] are used for
choosing an appropriate phase sampling functiortiddiiannel dispersion compensators,
mux/demux filters or interleavers [112] [114] haxeen designed and fabricated using
sampled gratings. Sampled gratings can also be toagEmpensate dispersion slope by
chirping the sample period of the gratings [115]117
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2.5.3 Tunable fibre Bragg gratings

Fibre Bragg gratings are sensitive to the staaithtemperature applied on them. The
strain response arises due to both the physicayetmn of the FBG (and the
corresponding fractional change in grating pitemd the change in fibre refractive index
due to photo-elastic effects. The thermal respanises due to the inherent thermal
expansion of the fibre material and the temperalepgendence of the refractive index [5].
The shift of Bragg wavelength with strain and tenapa@re can be expressed by

A, =/|{(1—pe)£+(a+lg—nm} (2.44)

where, ¢ is the applied straim, is the photo-elastic constaatis the coefficient of

thermal expansion (CTE) of fibres, ai@l is the temperature change. For silica fibres,

p. = 022. The thermal effect is dominated by th¢dT effect, which accounts for 95%

of the observed shift. TypicallgyydT = 05 ~1x10° °C*. At a Bragg wavelength of
1500 nm, the change in the Bragg wavelength withperature is around 0.01~0.02

nmecC™,

For a grating with a Bragg wavelength of ~1550tima Bragg wavelength shift is 1~2
nm with a temperature variation of 100 °C. Bragatigg tuning by strain is limited by
the fibre strength. For a tensile strain, a maxinatirain of roughly 1% can be applied
without degrading the fibre strength and breakhmgftbre [118]. The limitations are
relieved when a compressive stress is implemebezhuse silica is 23 times stronger
under the compression than under the tension. fdretdor a grating with a Bragg
wavelength of ~1550nm, the maximum Bragg wavelesdift is ~10nm under a tensile
strain and ~270nm under a compressive strain. Usmgompression tuning technique, a

Bragg wavelength tuning range of ~110 nm has beemoastrated experimentally [119].

2.6 An example: FBG design and fabrication

In this section, an FBG is designed and fabetdad reshape an optical pulse by using
the inverse scattering technique. The target regfle@nd time delay spectrum of the
grating is shown in Fig. 2.5. It is designed tofpetly compensate the nonlinear chirp of

the optical pulse from a gain-switched laser difd9].
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Fig.2.5 The target reflection and time delay spentof the grating.

From this target spectrum, the grating is tharitsesized by using a homemade
program based on the layer-peeling method desciib8dction 2.2 [23-24]. The
resultant effective ac index modulation and Bragyelength distributions of the grating
are shown in Fig.2.6. Obviously, it is quite a cdempgrating, since the target spectrum is
very complicated.
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Fig.2.6 The designed grating structure.

Based on the design shown in Fig.2.6, themyas fabricated using a uniform phase
mask and the continuous grating writing technigdsedescribed in Section 2.3, the
complex apodization and chirp structure is achidwedontrolling the relative phase of
consecutive sub-gratings. The reflection and tiglaydspectrum of the grating are then
characterized using the modulation phase-shift atetAs shown in Fig. 2.7, the

measured spectrum has a good agreement with tpet,taithough they are very complex.
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Fig.2.7 Measured (solid lines) and target (dashes$) spectra of the grating.

This example shows that a grating can be dedignd fabricated with a flexible
spectral filtering characteristic. It also demoatgs the effectiveness of the grating
design and fabrication techniques we use.
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Characterizing spatial phases in FBGs

using a pulse response method

3.1 Introduction

As shown in Section 2.1, a fibre Bragg gratiRBG) is described as a refractive index

perturbation to the fibre,
An(z)=an, (2) + An,, (z)co{ZT” + 9(2)} : (3.1)

where, An,, (z) is the ac refractive index modulatiofin,, (Z) is the dc (average)
refractive index modulatiorv, is the nominal period, andz) is the grating phase once
the 2/z/A dependence has been removed. In the coupled-wawalism, the FBG is

defined through the complex coupling coefficient,

q(z>:’ﬂj—ac(z)ex{{e(z>—j—jjmm(z-)dz'+§ﬂ (32)

The modulus of the complex coupling coefficiesfit) determines thgrating amplitude

and the phase of the complex coupling coefficiemtesponds tthe grating phase
profile.

Although various techniques, such as side-adatf [59], heat-scan [64] and optical
low coherence reflectometry (OLCR) [47], have bpeoposed to measure the amplitude
of the complex coupling coefficient of FBGs, littétention has been paid to the
characterization of phase of the complex couplimgfficient. This includes the discrete
phase shift, dc refractive index variation (or dgited phase shift), and chirp of FBGs.
Although in principle, the OLCR technique couldused to measure the phases of FBGs,

the experimental results reported are very limjed52].
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In this Chapter, we will characterize the full Spbphase profiles of FBGs by directly
measuring their pulse response. A short input palggcident on the FBG, and the
amplitude and phase of the reflection pulses am@snored by using a frequency-resolved-
optical-gating (FROG) technique, based on an eleaibsorption modulator (EAM) as an
optical gate. Under the weak grating approximatiba spatial phase of an FBG is
related to, and as a result can be directly retdefvom, the temporal phase of its pulse

response.

3.2 Characterization principles

3.2.1 Characterizing the spatial phases of FBGs ung a pulse response method

The characterization is based on measuring the patgponse of an FBG under test (as
shown in Fig. 3.1). A train of short optical puldegeflected from the FBG. If the input
pulse is far shorter compared to the length ofgita¢ing, the reflected pulse response is a
good approximation to its impulse response.

As shown in Section 2.1.3, if the FBG undet tesveak, the spatial phase of a grating
will cause an equivalent temporal phase in its ilsg@uesponse due to the space-time
duality. Thus, the spatial phase shift distributadrthe grating can be approximately
obtained from the temporal phase distribution ®intpulse response.

With this method, the discrete phase-shiftgefi@ctive index variation and chirp in an

FBG could be directly characterized.

FBG under te!

Input pulse (7 i;\ Reflected puls

_/
jL ﬂ Temporal phases of puls

Spatial phases of FBI

Fig.3.1 Principle of the pulse response method.

A. Discrete phase-shifts
Fibre Bragg gratings with one or more phase-staftsg their length are typically
referred to as phase-shifted gratings. Phase sinétsusually introduced by imposing a

spatial gap between two sub-gratings during fabooaIf a discrete spatial phase-shift
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@, exists in the grating, there will be a discretegghahift ¢, in the temporal phase of
its pulse response, and the spatial phase is dgoiva the temporal phase, i.e.,

Y. =9 . (3.3)
Therefore, the discrete spatial phase of an FBGQdcbe determined by measuring the

temporal phase of its pulse response.

B. dc refractive index variation
A dc (average) refractive index variation aldhg grating will accumulate and form a
distributed phase shift. Assuming that the distidouof the dc refractive index variation

is Angd(X) from x; to X,, the resultant phase shift is

_4Am ¢
Q= 7 JAndc (x )dx (3.4)

where, 1s is the Bragg wavelength of the FBG. Furthermorer@ntiation of Eq. (3.4)
with respect to spaoegives,

An, (x)= 2 4@ 5B.

45 dx
If a distributed spatial phase-shift exists in atog, there will be a corresponding
distributed phase-shift in the temporal phasespiilse response. From the space-to-time

conversion relationship,

At = @ (3.6)

and the approximation that the temporal phase sh&tjuivalent to the spatial phase shift,
a relationship between the dc refractive indexritistion of the FBG and the temporal
phase distribution of its impulse response canlaioed as:

An, = A lng Mg (B.7
‘ 2mc At

Therefore, from Equation (3.7), the spatial dcaetive index profile of an FBG can be

determined by measuring the temporal phase disiibof its impulse response.

C. Chirp
The grating chirp refers to the variation of thatgrg pitch along the fibre. Using the
Bragg relationg, = 2n,A , we have,

Aneff

B

n

- ) (3.8)

eff

From Eq. (3.7), a relationship between the gratalgrp and the temporal phase
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distribution of its impulse response is obtained as

ap, = 2o B9 (3.9)
2mc At

Therefore, the grating chirp is also determinednfitbe temporal phase distribution of its

impulse response.

3.2.2 Characterizing optical pulses using the FRO®&chnique based on an EAM

Full characterization of a short optical pulse unE#s measuring its intensity and phase
vs. time. The difficulty lies in that if you watd measure a short event, you need an
even shorter one. The intensity vs. time of opfmases can possibly be measured using
an optical sampling oscilloscope, but if the pusswo short, the measurement will be
constrained by the limited bandwidth of practicet¢iioscopes. Furthermore, it has not
been possible to measure the phase in the timeidameactly.

Auto-correlators are also used to measure thesitiewvs. time of a short optical pulse
[121]. It involves splitting the pulse into two,nably delaying one with respect to the
other, spatially overlapping the two pulses by ptical gate, usually through some
instantaneously responding nonlinear optical medamimeasuring the intensity of the
overlapped signalising a detector. Since the autocorrelator meagheepulse to be
measured using the pulse itself, it can measurashibrt (femtosecond) optical pulses
which the optical sampling oscilloscope can notsuea However, the information of an
optical pulse cannot be completely retrieved frésrautocorrelation intensity. For
example, auto-correlators are not able to deterthieespecific shape or phase of optical
pulses.

A successful technique which can fully measuretshiod even ultra-short optical
pulses is the frequency-resolved-optical-gating@&R technique [121], which is based
on the autocorrelation-type measurement, but thecatrelator signal ispectrally
resolved Instead of measuring the autocorrelator signatgynvs. delay, which yields an
autocorrelation, FROG involves measuring the autetator signal spectrum vs. delay,
which yields a spectrogram. A spectrogram is thietfrequency representation of
optical pulses, from which we can extract compietermation (including intensity and
phase) about the pulse and the gate. The extrautiboth the pulse and the gate from the
measured spectrogram is the well-known two-dimeradiphase-retrieval problem,
which can be solved with the principal componemtegalized projection algorithm [122-
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123]. The retrieval does not require any assumptamd can provide the complete
description of the pulse and the gate, excepthiemteaningless absolute time delays and
phase constants.

While nonlinear processes are commonly used agptieal gate to measure ultra-
short optical pulses, it is also possible to usedr process, for example, a temporal
modulator as a gate. Dorrer et al. recently dematesd this technique using an electro-
absorption modulator (EAM) [11] [124]. The use béttemporal gating from a
modulator gives the critical advantage of high gesity, since it does not rely on

nonlinear optics.

3.2.3 Experimental setup for EAM-FROG

The setup for measuring the pulse responses of RBGsigh the FROG technique,
using an EAM as an optical gate [125-126], is shawhig.3.2. This is also the setup we
use in our experiments reported in next sectiomst,Fan input optical pulse train is split
by a 3dB coupler. The central wavelength of theuinpulse train is tuned to the Bragg
wavelength of the FBG under test. In one arm, tlegs are reflected from the FBG, and
then the reshaped optical pulses are incidenttimoEAM. In the other arm, the pulse
train passes through an optical stage with a ctialble time delay, and is detected by a
fast (>33GHz) photodiode (PD), and then amplifiedgemerate a sinusoidal electrical
drive signal to the EAM as the switching window,igfhis synchronous with the optical
pulse train incident to the EAM. The shaped optmakes are thus optically sampled by
the EAM. By varying the optical delay in a conteall fashion and measuring the optical
spectra through an optical spectrum analyzer (O$®J01nm resolution, and >70dB
dynamic range), we obtain a spectrogram of thecedt optical pulses from the FBG.

EAM

® O

Circulator
Driver
OSA

Variable delay 1\
PD

~_ | Controller

FBG
Input pulse

3dB coupler

Fig.3.2 TBAM-FROG experimental setup.
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The expression for the EAM-FROG spectrogragiven by
j_*E(t)G(t-r)exp(-iwq 16)

whereG (t - r)is a variable-delay gate function, defined by tpéaally driven EAM

I spect (CL), T) =

switching window. Then, the intensity and phaséhefelectric fieldE (t) of shaped

optical pulses is extracted from the spectrograamavnumerical retrieval algorithm [122-
123], which is not limited by the duration of thatimg signal.

3.3 Characterizing discrete phase-shifts in Braggrgtings

3.3.1 Grating parameters and reflection spectra

Table 3.1 ParametdiSBGs to be measured

Phase Length (mm)  Strength Maximum TransmissBn(d
1|0 5 925%10° 3.4
2 | 05n 5 112x10° 4.1
3| n 5 13.0x10° 3.5
4 | 15n 5 92x10° 2.9
0(a) Uniform FBG . (b) Phase=0.5n
Ty o0}
z z
2 -20 ¢ =201
3 ko \ ,\
© -30 T -30
g | x
UL T ol
1550 1551 1552 1553 1550 1551 1552 1553
Wavelength (nm) Wavelength (nm)
(c) Phase == (d) Phase = 1.57
0 0
D 4ot @ 10
z z
= -20 = 20
O [&]
% -30 | ” ’ % -30 1' p
¢ RN R
P | ol I LU
1550 1551 1552 1553 1550 S ) 1553

Wavelength (nm)

Fig.3.3 Measured (solid lines) and simulated (dddimes) power reflection spectra of gratings
with a phase shift of (a) 0, (b) @5c)=r and (d) 1.5 respectively.
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Four 5mm-long FBGs having a uniform index modulatewe fabricated with a
discrete phase-shift of O, G5t or 1.5t at the center. The parameters of the FBGs are
shown in Table. 3.1.

Shown in Fig. 3.3 are the measured (solid lines) simulated (dashed lines) reflection
spectra of the four gratings. The simulation isglobgn the parameters in Table. 3.1. The
agreement between the simulation and measuredse®rhonstrates the good quality of
gratings to be characterized.

3.3.2 Experimental results

The experimental setup is as shown in Fig.3.2. FW8HM and repetition rate of the
input optical pulse train are, respectively, 2.2ao8l 5GHz. The central wavelength of
the input pulse train is tuned to the Bragg wawgllerof the FBG. The 5GHz sinusoidal
electrical drive signal to the EAM has a pulse Wwidf ~50ps.

Shown in Fig. 3.4 are the measured (a) and retti€lbg spectrograms of the reflected
pulses from the Obphase-shifted grating. An excellent agreement éetwthe measured
and retrieved spectrogram is obtained, confirming quality of the measurement and
retrieval process.

Freguency detuning [THz]

-0.2
-100 -50 0 50 -100 -50 0 50
Time [ps] Time [ps]

Fig.3.4 (a) Measured and (b) retrieved spectrogairtise reflected pulse from the @.phase-
shifted FBG (the input pulse width is 2.2 ps). RS retrieval error is 0.0024 on a 128x128
grid [125] [Retrieved spectrogram provided by M.FA.Roelens].

-32-



Chapter 3 Characterizing spatial phases in FBGs using a pulse response method

(a) Uniform grating (Phase = 0) (b) Phase = 0.5x rad
1.0 7,
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Fig.3.5 Measured (solid line) and simulated (dotteel) temporal intensity and phase of the
reflected pulses from the gratings with a discptase-shift (a) 0, (b) Gr5(c)= and (d) 1.5
respectively.

Shown in Fig. 3.5 are the simulated (dashed liaed)retrieved (solid lines) temporal
intensities and phases of reflected pulses fronfaimegratings. In the numerical
simulation, the reflected pulse is calculated tgiothe inverse Fourier transform of the
product of the input pulse spectrum and the ratlecspectral response of FBG. The
simulation is based on the FBG parameters showialnte. 3.1. The features of the
measured results agree well with the simulatiorfleReed pulses of all the gratings
consist of one or two main pulses and some verkweidses. For the uniform grating,
the main reflected pulse has a square-like shagieangradual fall-off in intensity and its
duration is equal to the round-trip propagatioretithrough the grating
( at=2n,L/c=50ps). For the gratings with a phase-shift at theirteerthe reflected
pulses consist of two discrete square-like part&ysg durations are both the round-trip
propagation of half the grating length (2§. For the uniform grating, the temporal phase
of the reflected pulse is kept constant througlstingare-like pulse. For the phase-shifted
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gratings, the temporal phases of the two discrgiare-like pulses are constant in their
own durations, but between them there is an obyihase step. The amount of simulated
temporal phase-shift is equivalent to the spatmse-shift of the gratings. Note that the
discrete phase in the grating is defined as aapgp between sub-gratings, and this
spatial gap is transformed into the temporal pha#s pulse response. The measured
temporal phases almost follow the simulation, mdy n the amount of phase-shifts, but
also in the distribution. The discrepancy betwdenreasured and simulated temporal-
phase-distributions (especially in Fig.3.5 (c)inainly due to a lack of stablility in the
input optical pulses. The spatial phase-shiftdefdratings, the simulated temporal
phase-shifts and the measured temporal phase-areftsummarized in Table. 3.2. The
accuracy of the discrete-phase-shift measuremenbedess than Ozl

Table.3.2 The amount of measynigases for different FBGs

Designed spatial| Simulated temporal Measured temporal

phase-shift (rad) | phase-shift (rad) | phase-shift (rad)

1 0 0 0

2 0.5t 0.5t 0.5t
3 b T 1.2n
4 1.5t 1.5 1.4n

As far as we know, this is the first direct chaeazation of pulse responses and
discrete phase-shifts for fiore Bragg gratingshaligh pulse responses of FBGs have
already been studied by numerical simulation [L&Hown here are only the results for
FBGs with a single phase-shift. Using the same riecies, we also measured the
superstructured FBGs (SSFBG) with as much as I'safes phase-shifts [126].

The measurements experimentally demonstrate thetidun of temporal-phase-
encoding of phase-shifted FBGs, which is the b&sisOCDMA systems based on
SSFBGs (to be shown in Chapter 4).

3.4 Characterizing dc refractive index variations n Bragg gratings

3.4.1 FBGs with a tunable and distributed phase-stti

As shown in Fig.3.6, to obtain a tunable phds#&-g1 an FBG, a fine tungsten wire is
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put in contact with a uniform FBG and an electngrent passes through the wire [9].
The heat produced by the electrical current wileetf the FBG due to the temperature
increase. The effect can be described by the Bnayglength shift [5]

AN A + 1 dn, AT 3.11
= a
B B n, dT (3.11)

where, AT is the temperature variation. The first item déss the thermal expansion
effect, andua is the coefficient of thermal expansion (CTE) lo¢ ffibre. The second item

describes thermally induced dc effective index gealdn,, /dT). In silica fibres, the

thermal effect is dominated by the, /dT effect, which accounts for 95% of the observed

shift. Typically,dn,, /dT = 05~1x10°"C™. In Eq. (3.11), the overall effect is described

by a Bragg wavelength shift, and equivalently,ah de described by an effective index

variation,

1 dn
—JAT (3.12)

dT

Aneﬁ = neﬁ (O’ + n

eff

According to Eq. (3.4), an effective index ia#ion an_, (x) along an FBG will

eff

accumulate and form a distributed phase shift,

_Am
0= '[Aneff (x )dx (3.13)

If the electrical current on the tungsten wireusdd, different temperature distributions,
and hence different current-induced phase-shiéts,be obtained.

Potentiomete || .
25—

Tungsten wire
\Al

Electrical

. Current
Uniform FBG

S ENENENHEENENEN B

Fig.3.6 The structure offBG with a wire-induced phase shift.

This principle forms the basis of the recouofaple optical code division multiple
access (OCDMA) encoder-decoder, with multiple timghase shifts, that we will show
in Chapter 5. For their design and applications gssential to know two features of the
grating. One is the relationship between the agmiectrical current on the wire and the
resultant phase-shift, and the other is the spdtatefractive index profile under the
applied current. In the following sections, we wike the EAM-FROG technique to
characterize the thermally induced phase-shiftitligtion in FBGs.
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3.4.2 Experimental results using a 20-ps pulse trai

To characterize the FBG with a tunable phase;ski fabricated a 17mm-long
uniform grating in a standard single mode fibrej anl§m diameter tungsten wire was
placed in direct contact with the grating, 8mm frome end, as shown in Fig.3.6. The
Bragg wavelength, ac effective index modulationakpeeflectivity and FWHM of the
FBG are respectively 1548nm, 3.3%1066% and 0.1nm. By experimentally observing
the shift of the dip wavelength in the reflectiggestrum of the grating, we measure the
amount of thermally-induced phase-shifts undered#iit electrical currents [153]. In this
configuration, to achieve a phase-shift of#).8.0t and 1.7, the required electrical
currents applied on the tungsten wire are respagtb2mA, 70mA and 84mA.

Having known the amount of the phase-shifts indumgthe electrical currents, we use
the pulse response method, based on the EAM-FRG@knitpie, to characterize the
spatial dc refractive index profile correspondinghe phase-shifts. The setup is the same
as Fig. 3.2 in Section 3.2.3. The input opticalspuirain, composed of 20-ps pulses at a
repetition rate of 2.5GHz, is produced by passingrable semiconductor laser through
an electro-optic modulator (EOM).

Using the EAM-FROG technique, the intensities ahdses of reflected pulses from
the FBGs are measured, when the applied electcicaknts are respectively OmA,
52mA, 70mA and 84mA, and the results are shownig3F. We can see that the
measured temporal phase-shifts are respectivel) @, ~r and ~1.7 at these different
electrical currents. This is consistent with theules obtained by observing the reflection
spectrum of the grating.

The corresponding dc refractive index profiles untleese electrical currents are
calculated, using Eqg. (3.7), and the results aotted in Fig.3.8. When the electrical
current along the wire is OmA, there is a smallkigaound refractive index profile on the
uniform FBG. This might be from the non-uniformity the fibre core [128]. When the
electrical current is 70mA, the FWHM (full-width &@lf-maximum) of the dc spatial
refractive index distribution is ~4.2mm.

Shown in Fig. 3.9 are the measured and calculag@idction spectra of the grating
when the electrical current along the tungsten vgireespectively OmA and 70mA. The
calculated results are based on the retrievedfdacteve index distribution shown in Fig.
3.8.
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Fig.3.7 Measured intensity (solid line) and phadasbed line) of the reflected pulses from the
FBG when the electrical currents along the tungstiea are respectively (a) OmA, (b) 52mA, (c)
70mA, and (d) 84mA.
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Fig.3.8 Retrieved spatial refractive index disttibns when the electrical current along the
tungsten wire is (a) OmA. (b) 52mA, (c) 70mA, of &imA.
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Fig.3.9 Measured (solid lines) and calculated (dddimes) reflection spectra of the FBG when
the applied electrical current is respectively Oaml 70mA

A numerical simulation is shown in Fig.3.10 to &ssethe accuracy of the
experimentally retrieved results, which are affdcby our practical choice of the input
pulse and grating strength. In this simulation, wi#ize the grating and input pulse
having the same parameters as in the experimert3-iAm long grating, with a uniform
ac index modulation of 3.3xTf0and peak reflectivity of 66%, has a spatial phetsiét- of
m, consisting of a dc refractive index profile, &®wn in Fig.3.10(a), which is similar to
the measured result of the 70mA-wire-current caiséhe experiment. Then, a 20-ps
optical pulse is reflected from the FBG. The tengbartensity and phase of the reflected
pulse are calculated and shown in Fig.3.10(c). tBmeporal phase is differentiated and
then, using Eqg. (3.7), the dc refractive index peadf the FBG is theoretically retrieved
and is shown in the solid line of Fig. 3.10(d).

The deviation between the assumed and theoreticadigvered results of phase-shift
and dc refractive index profile can be explainedhi& following argument. Firstly, there
is a deviation between the assumed spatial phateoshrt and the retrieved temporal
phase shift of 0.98 This deviation is caused by the relatively higdalp reflectivity, of
66%, of the grating. Secondly, as shown in Fig.0@l}, the spatial refractive index
distribution is slightly smeared near its maximuahich is due to the spatial resolution
limitation imposed by the input pulse width of 28-pThirdly, there is an obvious
discrepancy of the refractive index profile at thar part of the grating. This is caused by
the high peak reflectivity of the grating, becaless light can propagate to the rear part
of the grating. This kind of simulation can giveaisseful tool to analyze the accuracy of

the practical experiments.
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Fig.3.10 (a) Assumed dc and ac refractive indeitdistion of an FBG with a phase shift, (b)
its reflection spectrum, (c) intensity and phaséhefreflected pulse from the grating (input pulse
width =20ps), (d) Retrieved (solid line) and assdr(dotted line) dc refractive index variation.

3.4.3 Experimental results using a 5-ps pulse train

The spatial resolution of the dc refractive indexfie is limited by the input pulse
width used in the characterization. In the measerenn Section 3.4.2, the input pulse
width is 20-ps, so the spatial resolution is ~2rkfare, a 5-ps pulse train is used.

A 40mm long uniform grating was fabricated on andtad single mode fibre, and a
18um diameter tungsten wire was placed in direct adntath the grating, 10mm from
one end, as shown in Fig.3.6. The uniform gratmithh a Bragg wavelength of 1550nm
and an index modulation of 2.2x30has a peak reflectivity of 90%. However, because
the tungsten wire is put near the front of theigatthe grating strength will not have an

obvious affect on the characterization.
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We use a similar setup to Fig.3.2 to characteheespatial dc refractive index profile
induced by different electrical currents. The inpptical pulse train is composed of 5-ps
pulses at a repetition rate of 1.25GHz from a gawitched laser diode.

The intensities and phases of reflected pulses then=BGs are measured, and shown
in Fig.3.11, when the electrical currents appliedtbe tungsten wire are respectively
OmA, 52mA, 70mA and 84mA (corresponding to a phstséi- of 0, 0., =, or 1.5t
respectively). The corresponding effective dc mfv@ index profiles under these
electrical currents are calculated, using Equaf®:), and the results are plotted in
Fig.3.12. When the electric current is 70mA (copresding to a phase-shift af, the
FWHM of the spatial refractive index distributiog+2.7mm.
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Fig.3.11 The measured intensities (solid lines) phdses (dashed lines) of the reflected pulses
from the FBG when the electrical currents alongttirgsten wire are respectively (a) OmA, (b)
52mA, (c) 70mA, and (d) 84mA.
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Fig.3.12 Retrieved spatial refractive index diaitibns when the electrical currents along the
tungsten wire are (a) OmA, (b) 52mA, (c) 70mA, &dp84maA.

3.4.4 Discussions

Spatial resolution of the above characterizatiotingted by the input pulse width.
Therefore, a shorter input pulse is obviously ardete choice. But obtaining very short
optical pulses usually involves complicated techesy In the experiments, we obtain the
dc refractive index profile directly from the meast temporal phase of optical pulses
without using its intensity. Theoretically, if wésa know full information (intensity and
phase) of the input pulses, it would be possiblelitain impulse responses of FBGs by
the de-convolution techniques, and then the remerg for a short input pulse could
surely be relaxed. But due to the noise in expamntaledata, this is quite difficult in
practice. In the practical experiment, a reasonatddeoff is to make sure that the
bandwidth of input pulses is no narrower than tladwidth of the gratings to be
characterized.

As shown in section 3.4.2, the strength of the iggawill also largely affect the
measurement accuracy. As the strength of the graticreases, the equivalence of the
amplitude of spatial phase shift and temporal plshse will break gradually, so does the
proportional relationship between the spatial i@fv@ index distribution of the grating
and the temporal phase differentiation of its pulesponse. In theory, the grating
parameters of strong gratings can possibly beenetd through the inverse scattering
technique [42]. But this is also very complicatdokcause it involves complex
calculations, and the noise in the experimentah dain affect the retrieved grating
parameters seriously and un-expectedly [42].

- 41 -



Chapter 3 Characterizing spatial phases in FBGs using a pulse response method

3.5 Conclusions

We propose a pulse response method to directlyactexrize the spatial phase of the
complex coupling coefficient, including the dc eaftive index distribution (distributed
phase shift), discrete phase, and chirp of fibragBrgratings. This method is based on the
observation that the spatial phase of an FBG ecty related to the temporal phase of its
pulse response. Therefore, the phase of the spradiex modulation can be characterized
directly by measuring temporal phase of the puésponse of FBGs. Its main advantage
is that the dc refractive index distribution onlgpeénds locally on the temporal phase of
its pulse response.

Using this method, we have characterized the dpahiase profile of FBGs with a
discrete phase-shift or a current-induced disteduphase-shift. In Chapter 5, using this
technique, we will characterize a thermally indudedrefractive index distribution when
tungsten wires with different diameters are usduksE results are fundamental for our
understanding of reconfigurable-phase OCDMA encaldeoders.
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Chapter 4

OCDMA systems based on super-

structured fibre Bragg gratings

4.1 Introduction

OCDMA is a broadband access network technigich combines the advantages of
optical fibore communication and access networksaldo has the unique features of all
optical processing in the encoding-decoding opanatiull asynchronous access without
complex protocols, low access delay, and potept&dtellent system security [129-130].

In the CDMA systems, the same time slot and séwme wavelength bandwidth are
shared by many users, and different users are rdgeiy by a specific address codes.
CDMA techniques fall into four categories: direeigaence (DS), frequency encoding
(FE), frequency hopping (FH), and time hopping (TH31]. In DS-CDMA, each data bit
is broadened into a series of pulses defined byde sequence in the time domain. By
contrast, in FE-CDMA, the code sequence is dirdatlyrinted in the frequency spectrum
of the input signal. In FH-CDMA, the coding is done two dimensions: time and
frequency. Each bit interval is subdivided in tirtieto chip intervals) and a certain
frequency is transmitted during each chip. In THNCA) a time interval is subdivided
into a number of time slots. The coded informagmbols are transmitted in a pseudo-
randomly selected time slot as a block of one orencode words.

The former three CDMA techniques have alreadgnbdemonstrated in the optical
domain [132]-[140]. In optical DS-CDMA, a shortfigpulse is used as the input source,
and various optical time delay lines, such as aptibre delay lines [132] and planar
lightwave circuit (PLC) delay lines [133], are thiendamental devices to achieve
encoding and decoding in the time domain. In opf&& CDMA, incoherent broadband
sources such as LEDs, or coherent ultra-short pudse used as the input source, and
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usually a pair of bulk gratings plus an optical gdanodulator array are used to achieve
frequency encoding [134]-[136]. In optical FH-CDMBroadband ASE sources or ultra-
short pulses are used as the input source, andlyususeries of FBGs with different
central wavelengths are used as encoder and decadeeving frequency hopping
[137]-[140].

A group inSouthampton Universitgroposed and demonstrated the use of SSFBGs as
OCDMA encoder-decoders [6] [141]. An SSFBG is dediras a standard fibre grating,
i.e., with a rapidly varying refractive index modtibn of uniform amplitude and pitch,
onto which an additional, slowly varying refractiireex profile are imposed along its
length. Due to the space-to-time conversion ratatian SSFBG with low overall
reflectivity has an impulse response followinggpatial superstructure. Therefore, when
a short optical pulse (or a signal bit) is reflecteom an SSFBG, with a superstructure
profile designed according to a particular codeusege, the reflected pulse will be
spread out in the time domain, following the superture profile of the SSFBG. This
process is called encoding in OCDMA, and the SSHB@Gctions as an OCDMA
encoder. If the encoding pulse is then reflectennfia physically reversed grating, the
information bit can be recovered or decoded dubddomatched filtering. This process is
called the decoding, and the decoding gratinglisdtéhe OCDMA decoder.

Compared with OCDMA techniques, which utilizptioal fibre delay lines, planar
lightwave circuit (PLC) delay lines, FBG series, lmrlk gratings as the encoding and
decoding elements, OCDMA based on the SSFBG tegbnitpas the advantage of
simplicity (one grating is enough for encoding ocgcdding), small size, tunability,
polarization insensitivity, and the potential foasg fabrication. The most important
advantage of SSFBGs is that the optical phasegbf leflected from the SSFBG can be
exploited, allowing the use of optical phase asoding parameter. Phase coding is
important since it exhibits far better crosscomiela characteristics than amplitude only
coding [6] [133], which in turn allows lower intehannel interference, and thus more
simultaneous users for a given code length thariurde only coding.

SSFBG OCDMA systems with different grating sg#m input pulse width, code
number and chip length have been successfully dstraiad in a number of experiments
[6] [142-150]. Despite this, there are no detailscussions on how the various grating
parameters affect the system performances. Inctmgpter, a detailed analysis on the
system principle is given, from the viewpoint of GBand based on this we will analyze
how the SSFBG parameters separately, or workingtheg, affect the OCDMA system
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performances.

This Chapter is organized as follows. In SectioB, 4he impulse responses of the
SSFBGs are directly given from the space-to-timaveosion, and their frequency
responses by the Fourier transform. Then, we déheeautocorrelation condition: phase
matching condition, and the crosscorrelation coowliof the SSFBG OCDMA system.
The conclusion is that, in the weak grating appr@tion, the phase matching condition
between the SSFBG encoder and its matching decgsdstisfied automatically, while
the crosscorrelation characteristics, as expecietlJargely dependent on the choice of
the code sequences.

In Section 4.3, we use the transfer matrix themnd Fourier transform technique to
numerically calculate the frequency and pulse resps of the SSFBG encoders and
decoders. We clearly show that the code sequemeesnaoded into the temporal phases
of their pulse responses, which have recently bd&actly measured by us in
experiments [126]. Then the autocorrelation and sstorrelation pulses, their
corresponding spectral intensities, and especialbectral phases are presented,
emphasizing the autocorrelation and crosscorrelaamditions.

In Section 4.4, the effects of various parametéiSRFBG encoders and decoders on
the OCDMA system performances are analyzed. Fifsalp we show the system
performance deterioration with the increase ofdhating strength, and explain this by
showing that the increase of the grating strengdaks the phase matching condition
gradually. Secondly, by means of an example, wdyaaahow the input pulse width
affects the autocorrelation pulse width and sysparformances, emphasizing that the
relative bandwidth of the input pulse and the emugpdecoding gratings are critical to
the final performance. Thirdly, the tolerance of ttentral wavelength offset between the
encoding and decoding SSFBGs is evaluated. Fourtldyanalyze the effect of different
chip duration, and conclude that the chip duratolh have no obvious effects on the
final system performance under particular condgjoibut it is still an important
parameter because it will affect the choice ofitiput pulse width, the highest chip bit
rate, device size, time slot allocation and wawgilerspacing. Finally, we analyze the
effects of the chip number on the system performaaad conclude that a larger chip
number can accommodate more users and improveyshens performance significantly
because of the improved spectral phase charaasrgtovided by the longer phase
series.

The conclusions for this chapter are summdrizesSection 4.5.
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4.2 Principles: a general description

4.2.1 Structure, impulse and frequency responses 85FBG en/decoders

(a) An SSFBG Encoder

¢ ¢, 9, -
—> | [ [ [ .-
Input End 0 A A A""I""/y]\:t?
¢ ¢, @,
(b) An SSFBG Decoder
-¢, B
—> [ [ Y RN
Input End A AN A
wM -1 ¢M -2

Fig.4.1 Structures of (a) an SSFBGoeer and (b) the matching decoder.

The structures of an SSFBG OCDMA encoder, aqadnatching decoder, are shown in
Fig.4.1. A series oM-1 discrete phase shifig, ¢,,...,¢,.,, are imposed uniformly on a
uniform grating with a length of , and divides the grating into chips. The spatial
phases of the resultant SSFBG are consecuiyely---¢, . The spatial superstructure

profile of the SSFBG encoder, shown in Fig.4.1i&),

x-(m-3 )
S(x)z ZM: exp(i¢m)Dect # (4.1)

M

m=1

where, rect] is the rectangular function.
The matching decoder to an encoder is itsiapateversed grating. Its spatial

superstructure profile is,

y x—(m —m+1—]/2)|2ﬁ
S'(x)= z expli(- ¢, )] rect C M (4.2)
M

In the weak SSFBG limit, i.e., where the peaflectivity of the grating is low, so that
the light penetrates the full grating length, ahd tndividual elements of the grating
contribute equally to the reflected response, theuise response of the SSFBG can be
directly obtained from the refractive index supersture profile. The impulse response
of the SSFBG encoder described by Eq. (4.1) is,
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)= o ¢m)@c{%} (4.3)
where
2n _L
At = e IZ-IIW (4.4)

is called the chip duratiom is the background refractive index of FBGs, aimsl the
light speed in vacuum. Its frequency response ésRburier transform of the impulse

response,

()= [ l)exfaa)et = WZ expli(, + mant)] (4.5)

The central frequency of its frequency responskegendent on the Bragg wavelength of
the SSFBG.

Similarly, the impulse and frequency resporsfethe decoder, described by Eq. (4.2),
are respectively,

h' (t)= ZM: expli(-¢, )| Dect[t ~(m - mAthl—l/Z)mt} (4.6)
H () =1‘f+'(,‘$‘)cexp(i aMAt)Diexdi (-4, —meast] o

4.2.2 Encoding, decoding, autocorrelation and crossrrelation

In the SSFBG OCDMA system, the encoding procassbe described as the response
of the encoder to the input signal. An input sigisaleflected from the encoder, and the

spectrum of the reflected pulse, i.e., the encogiaigey(«), is given by the product of
the spectrum of the input pulséw) and the frequency response of the encoding grating
H(a),

¥(@)= X(w)H () 4.9)
In the temporal domain, the reflected pulg¢ is given by the convolution between the
input pulsex(t) and the impulse response of the gratit)g

y{t)=x{t)On(t) (4.9)
where, 0 denotes convolution, ang(t), x(t) and h(t) are respectively the inverse
Fourier transform of/(«), X(«) andH(w) in Eq.(4.8).

Similarly, the decoding process can be describeth@sesponse of the decoder. The

pulse reflected from the encoder is reflected ftbendecoder, and the resultant decoding
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pulsez(w) is given by the product of the spectrum of thesputeflected from the
encoder(«) , and the frequency response of the decodingngrativ):
Z(w) =Y (w)6(w) = X (@)H (@) () (4.10)
This process can also be described in the time glolyaconvolution.
In an OCDMA system, many users share one transisgiannel. A 2x2 OCDMA
network is shown in Fig.4.2 as an example. It isngosed of two SSFBG OCDMA

encoders, A and B, with the frequency responsei ¢f) and H (w) respectively, the
corresponding OCDMA decoders, A and B, with theqfiency response of, (w)
andG, (w), and two 2x1 optical couplers. The encoder A aedoder A are the matched

OCDMA encoder-decoder pair, and so are the enddderd decoder B.

X, (e H, () XA(a)HA(a)Y(w) G,(a) Z,(«)
XB(a) < ZB(a)
—> HB(a)) X (a)H B (a) G, (a)

HFid A 2x2 OCDMA network.

As shown in Fig.4.2, two input optical signais,«) andx_(w), are encoded by the
OCDMA encoder A and B respectively, resulting ie #ncoded signals, (w)H, (w) and
X,(wH, (). The two encoded signals are combined by the pxi2al coupler, producing

Y{e)= X, (@H (@) + X, (@H, («) (4.11)

After transmitting along the fibre, the signdly is then split by the 2x1 optical coupler,

and decoded by the OCDMA decoders A and B respygtieglecting the transmission
effects of the fibre, the signal following the ddeo A is

z,(@)=Y(w)e,(@)=2,,()+ 2. () (4.12)
where
Z,,(@)=X (@ ()G, (@)= .. (@)X, (@) exdi,, (@] (4.13)
a (@)= |H (@) 16, (@) (4.14)
@, (@) =ardH ()] +arde, (] (4.15)
2,5 (@)= X, (@H, (@6, (@) = a,, (@)X, (@) exdi® . (o] (4.16)
a,(w)=H, (@} 5, (@) (4.17)
() =ardH, (a)] +ardG, («)] (4.18)
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Z,.(w) is the autocorrelation spectrum,(«G,(«) is the autocorrelation factor, and
a,.(w) and o, («) are respectively its amplitude and phase. Conberse, (w)is the
crosscorrelation spectruni,(«)G,(«) is the crosscorrelation factor, ang(w)ando, (o)
are respectively its amplitude and phase.

Suppose the phase series of two SSFBG encoklarsl B, are respectively
(¢2,02,...,¢2) and @7, 9°,...,68). The frequency responses of the encoders andldeso
can be obtained using Egs. (4.5) and (4.7).

The autocorrelation factor of encoder A andodier A is:

HA(a))GA(a)) = aAA(a))exr{iCDAA(a))] (4.19)
a,.(w)= %E‘]Z expli(g2 + maAt)] (4.20)
®,, (w) = wmat (4.21)
On the other hand, the cross-correlation fast@ncoder B and decoder A is:
Ho(0)G,() = @ (w)exdi® (] (4.22)
1- cos(aAt

Qe (w 2 0 #(Z exr{| ¢ + mait ) Eﬁz exr{| - maAt)]j (4.23)
D ()= aMAt + arg{il ex;{i (¢§§ + maAt)]] + arg{il ex;{i (— ph - maAt)]] (4.24)

In an OCDMA system, the signal following each demo@ the combination of an
autocorrelation and many crosscorrelation sigriaism the viewpoint of communication,
the autocorrelation signal is the desired signaheneas the crosscorrelation is the
interference, or noise to the autocorrelation. ®hgctive of communication is to obtain
a large signal-to-noise-ratio (SNR), i.e. to obtaatocorrelation with a high peak
intensity and crosscorrelation with a low peakinsigy.

Eq. (4.21) is called the phase matching comditivhich shows that the phase of the
autocorrelation factor is a linear function of foemcy, implying that all the frequency
components of the input signal experience the sanedelay after the decoding process,
and constitute a short pulse with high peak intgnéi is noteworthy that all physically
reversed FBG pairs satisfy the phase matching tondiif the weak grating
approximation is satisfied. While for practical $%5S, this condition is only nearly
satisfied due to the breaking of the weak gratipgraximation. Eq. (4.19) shows that the
autocorrelation pulse spectrum is an amplitude-riatiun of the input pulse spectrum.
The amplitude modulation might narrow the bandwidflthe autocorrelation spectrum
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and reshape the input pulse. This will thereforghslly decrease the peak intensity of the
autocorrelation pulse. However, its effect is netywserious.

According to Eq.(4-24), (o) is a nonlinear function to frequeney which means
that different spectral components of (w) will experience different time delays, and

the cross-correlation signal is distributed oveloag time duration so that its peak
intensity is far lower than the autocorrelationnsiy The extent of the nonlinearity in the

phasep, (o) is not easy to measure, but it is crucial to sagpithe peak intensity of the
cross-correlation pulseb, (o) is directly related to the phase series of theodec

decoder. So, it is very important to choose a plsasies which produces a good cross-
correlation performance, so as to obtain high-@sttcode recognition.

The code sequences suitable for the radio frequePyWA to achieve good
autocorrelation and cross-correlation performance also applicable to OCDMA
systems. The well-knowN-sequences [151], and the quaternary coding sequsnch
as the familyA sequences [152], have been broadly utilized inQGOMA system. In
the following sections, our numerical exampleskased on familyA sequences.

4.3 Principles: a numerical example

The numerical simulation is based on the catauh of the reflection spectral
responses of the SSFBG encoder-decoders. Firstty, SSFBG encoder-decoder pairs
are chosen, and their reflection spectral respoasesobtained through the transfer
matrix model. Secondly, a short optical pulse iBeoted from the encoder, and the
reflected pulse, i.e. the encoded pulse, is caledlthrough the inverse Fourier transform
of the product of the input pulse spectrum, and gpectral response of the encoder.
Finally, the decoding pulses, i.e., the autocoti@mlaand crosscorrelation pulses, are
similarly obtained through the inverse Fourier sfanm of the product of the input pulse
spectrum, the spectral response of the encodethanhdf the decoder.

4.3.1 SSFBG encoder-decoders

Two 15-chip, four-phase-level sequences Q15#[007 007 057 1.07 007 007

15n 057 157 057 0071 057 1.0n 157 ], and Q2 =[L.57n 05n 1.07 1.57 007 057 15n
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1.0n 007 157 007 007 007 057 057], from the familyA-sequences [21], are chosen as
address codes of the OCDMA encoders. Phase distritsuof Q1, Q2, Q1* and Q2* are
shown in Fig. 4.3.

(a) Q1
= e
Il R
sl
— (d) Q2*,—

10 15 20 25 30 35
Length (mm)

Phase Sequence (0.57 rad/div)

B

o
[6)]

Fig.4.3 Phase distributiofishe SSFBGs Q1, Q1*,Q2 and Q2*.
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g L ]
E \ \ | \ \
@
¥1550.0 1550.5 1551.0 1551.5 1552.0
Wavelength (nm)
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(b) SSFBG Q2

AN /,\ \ﬂﬂﬂ\/“\‘
A.ILMKI n\. 1 1 | 1 1 |\ 1 | n\//\mnM\
1550.0 1550.5 1551.0 1551.5 1552.0
Wavelength (nm)

eflectivity (10dB/div)

R

Fig.4.4 Solid lines: reflection spectra of the S&SBQ1 and Q2, dashed lines: reflection
spectrum of the single-chip grating.

Parameters of the SSFBG en/decoders are awfolThe total length is 37.5mm,
composed of 15 chips, each with a chip-length 6ftn. The Bragg wavelength of all
the SSFBGs is 1551nm, and the refractive index fadida is 1.3x107°, resulting in a
peak reflectivity of ~20%. The effective index bethost fibre of the SSFBGs is assumed
to be 1.452.

Theoretical power reflection spectra of the SGBE)1 and Q2 are plotted in the solid
lines of Fig. 4.4. The reflection spectra of theiatching decoders are not shown here,
because they have similar profiles to their cormesiing encoders. Also shown in the

dashed lines of Fig. 4.4, are the theoretical poredlection spectra of the single-chip
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grating, i.e., the 2.5mm uniform grating with thearge strength and Bragg wavelength as
the SSFBGs. The reflection spectrum of the singlip-grating constitutes the envelope
to that of an SSFBG that is composed of a seriezhipis. This implies that the overall
bandwidth of an SSFBG is dependent on its singie leimgth.

Through the Fourier transform technique, thdectibn spectra of the SSFBGs have
been analytically derived in Eq. (4.5). The squaréd.5) is,

IH(w) = nzlwz sinz[me] E‘]ZM; expli(¢,, + mawnt)) (4.25)
Assumingg, =¢, =---=¢,,, (4.25) becomes,
.1, wMAt
[H (@) = ——sin [ ) j (4.26)

From Eq. (4.25), the envelope period of theetibn spectra isz/(cAt). Similarly,

from Eq. (4.26), the period of minute structureshia reflection spectra &12/(cMAt).

In the above example, the chip duratlor 242ps, so the envelope period of the
reflection spectra islz/(cAt):OSQnm, and the period of the minute structures in the

reflection spectra i€4?/(cMat) = 004nm.

4.3.2 Encoding pulses

A transform-limited Gaussian pulse, with a 2p¥HAV (full-width at half-maximum),
is reflected respectively from SSFBGs Q1, Q2, Qid 2*, and the temporal intensities
and phases, of the reflected pulses are showngid.bi The total duration is ~363ps,
equivalent to the roundtrip time of the 15-chip tgngs. The temporal phases strictly
follow spatial phases of the SSFBGs, that is, tdr@ss code sequences are encoded into
the temporal phases of the reflected pulses, lbopeiiod and amplitude.

In this simulation, the peak reflectivity of tlieSFBGs is ~20%, which means that all
the elements of the grating contribute roughly digua the reflected response. The input
pulse width is 2ps, far shorter than the chip danavf 24.2ps, which makes the reflected
pulse a good approximation to the impulse respooktg gratings.

In the following simulation, the 2ps transforimited Gaussian pulse will be used as
the input optical pulse of the OCDMA system, so itéiected pulses from the encoders,

Q1 and Q2, are called the encoding pulses.
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Fig.4.5 Intensities (solid line) and phases (dadime) of reflected pulses from (a) Q1, (b) Q2, (c)
Q1* and (d) Q2*.

4.3.3 Decoding pulses--autocorrelation and crossaetation

The autocorrelation Q1:Q1*, Q2:Q2*, and crosscatieh Q1:Q2*, Q2:Q1* are shown
in Fig.4.6. Note that the autocorrelation pulseamposed of a single dominant peak, and
some low-level sidelobes, while the crosscorrefapalse is composed of only low-level
peaks. The featured the autocorrelation and crosscorrelation putsesbe explained in
the frequency domain. Shown in Fig.4.7 are spedtransities and phases of the
autocorrelation and crosscorrelation pulses. Thectspl phases corresponding to
autocorrelation pulses, as shown in Fig.4.7 (a) @dare nearly linear, which suggests
that the phases between the encoder and decodeugtdy conjugate and, consequently,
most of the spectral components appear at roudhdy same time, constituting the
autocorrelation peak, as shown in Fig. 4.6 (a) @)d On the other hand, the spectral
phases corresponding to crosscorrelation pulseshawn in Fig.4.7 (b) and (c), are
nonlinear, which causes the optical power to diste across a large time scale, as shown
in Fig.4.6 (b) and (c).
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Fig.4.7 Spectral intensities (solid line) and plsag@otted line) corresponding to (a)
autocorrelation Q1: Q1* (b) cross-correlation QQ2* (c) crosscorrelation Q2: Q1*, (d)
autocorrelation Q2: Q2*. Differentiation of the sp@al phase with respect to frequency for
autocorrelation (e) Q1: Q1* and (f) Q2: Q2*. (Timput pulse width is 2ps).
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To present the details of spectral phase chtenistics, we differentiate spectral phases
of the autocorrelation pulses, with respect to deegpy, and obtain the spectral phase

slope, which is in fact the time delays d®/dw, and the results are shown in Fig.4.7(e)

and (f). We can see that the spectral phase stop863ps, which is the time shift of
autocorrelation pulses. The minor oscillation ohdi delay indicates that the spectral
phases are not perfectly linear, which is due te bneaking of the weak grating

approximation.

4.4 Discussions about the SSFBG OCDMA design

In this section, the effects of several par@nmse such as the SSFBG strength, chip
length, chip number, and the input pulse widthtlensystem performances, are analyzed.
This analysis is essential for the design and ewmin of SSFBG OCDMA systems.

The objective of an OCDMA system is to obtainigh signal-to-noise-ratio (SNR), i.e.
to obtain an autocorrelation pulse with high peatlensity and crosscorrelation pulses
with low peak intensity. Here, for simplicity, tinatio between the peak of cross and auto
correlation (RPCA) pulses is defined as the paramiet evaluate the OCDMA system
performance. For an OCDMA system, a lower RPCA iewpla higher SNR, and

consequently a better system performance, and passible simultaneous users.

4.4.1 SSFBG strength

As shown in section 4.2, Eq. (4.21) is autonadiicsatisfied under the weak grating
approximation. However, if the gratings are too kyeeir insertion loss will be very
high. Reducing the power loss of the SSFBG encddeoder is another key design
objective. Therefore, to design a system with ateptable final performance and less
power loss, it is necessary to analyze how, andhtat extent, the SSFBG strength affects
the performance of OCDMA systems.

We still use the 15-chip, four-phase-level SSEBGth a chip-length of 2.5mm as the
encoder-decoder and 2ps transform-limited Gaugsidses as the input pulses. The code
sequence is chosen to be Q1, and Q2. But we chargeffective index modulation of
the SSFBGs so that peak reflectivity of the gratyigvaries from 0.1% to 99.9%, while
gratings Q1*, Q2 and Q2* always have the same cg¥%@ index modulation as Q1. The
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resultant RPCA value between Q2: Q1* and Q1: Qlthwespect to the peak reflectivity
of grating Q1 are plotted in Fig.4.8. It shows tRRCA increases gradually with the
increase of peak reflectivity of the encoder-decoBeit it is noteworthy that the change
of RPCA value is not obvious as the peak reflewtivif gratings increases from 0.1% to
50%.

In Fig.4.9, the autocorrelation Ql: Q1l1* (indeé by the solid lines) and
crosscorrelation Q2: Q1* (indicated by the dasheds) pulses are plotted as the peak
reflectivity of Q1 varies. With the increase of tl&SFBG strength, the sidelobe of
autocorrelation gradually becomes prominent, deingathe peak intensity of the
autocorrelation pulse and, simultaneously, the petghsity of the crosscorrelation pulse
increases. Both of these situations will consedueaiuse a decrease of the RPCA value.

Differentiation of the spectral phase, correspog to the autocorrelation pulses
produced by SSFBGs with different peak reflectivisyshown in Fig.4.10. As shown, the
time delay oscillations increase with the increafsthe grating strength, implying that the
phase matching condition is gradually broken.

To decrease the insertion loss of SSFBG encdeevders, while maintaining the
system performances, a suitable apodization opatan be applied to the SSFBGs. In
Ref [146-147], an apodization technique was demated experimentally.

0.6

Q2: Q1*Q1:Q1*

OO ! l ! | ! | ! |

0.0 0.2 0.4 0.6 0.8 1.0
Peak reflectivity of SSFBG Q1

Fig.4.8 Relationship between peak reflectivity SFBG and RPCA of Q2: Q1*/Q1: Q1*.
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Fig.4.9 Correlation pulses wilea peak reflectivity of the SSFBG varies.
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Fig.4.10 Time delay spectra of the autocorrelatiuise, when the peak reflectivity of the
SSFBGs varies.

4.4.2 Input pulse widths

The choice of a suitable light source, especifié input pulse width, is critical for the
OCDMA system design. Ideally, the input pulse widtiould be much shorter than the
single chip duration of the encoder-decoder to rtieetrequirements of impulse response.
In Ref [6] [9] [142-144], 2.5ps or 20ps short pylseere utilized in different system
configurations. Ref. [145] provides systematic expental results on the effects of
different input pulse widths. Here, by numericahgiations, we analyze how the input
pulse width affects the OCDMA systems.
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We still use the 15-chip, four-phase-level S&BBwith a chip-length of 2.5mm, as
examples. To satisfy the weak grating approximative select the refractive index
modulation of the SSFBG so that their peak reflatgtis ~12%.

Then, transform-limited Gaussian pulses, withF&VHM of 2ps, 5ps, ..., 100ps, are
used as the input pulses, and by simulation, théiMV%f the autocorrelation pulse Q1:
Q1* and RPCA of Q2: Q1* over Q1: Q1*, are obtaireei shown in Fig.4.11. As the
input pulse width increases, both the autocoreapulse width and the RPCA value
increase nearly linearly. In Fig.4.12, we show aateelation pulses Q1: Q1*, and
crosscorrelation pulses Q2: Q1*, under the inpuseuwvidth of 2ps, 25ps, and 100ps.
With the increase of input pulse width, the resultautocorrelation pulse is broadened,
decreasing its peak intensity and, simultaneousiysscorrelation pulses exhibit much
higher peak intensity.

To illustrate this, the spectra of grating Qhd input pulse with an FWHM of
respectively 2ps, 25ps and 100ps are plotted iMAi§. When the input pulse width is
very short (for example, 2ps), its bandwidth istfemader than that of the SSFBG, so the
spectral width of the autocorrelation pulse depesrdyg on the bandwidth of the SSFBG
and, as a result, the autocorrelation pulse widtkept constant to a particular value,
which is decided by the bandwidth of SSFBGs. Ondtier hand, when the input pulse
width is large (for example, 100ps), its spectraltivis narrower than that of SSFBG. As
a result, the spectral width of autocorrelationspsl will follow the bandwidth of the
input pulse. Consequently, in the time domain, dhéocorrelation pulse width will be
nearly equivalent to the input pulse width.

In Fig. 4.14, we plot the spectral intensigesl phases of the autocorrelation Q1: Q1*
and crosscorrelation Q2: Q1*, when the input pwsgdth is 2ps and 100ps respectively.
Note that, at different input pulse widths, the gghanatching relation between Q1 and
Q1* (comparing the spectral phases in Fig. 4.14aa& (b)) is invariant, and the phase
mismatch between Q1 and Q2* (comparing the speptiakes in Fig.4.14(c) and (d))
does not change either.

Despite this, their spectral width will change andifferent input pulse widths. When
the bandwidth of the input pulse is narrow (~0.09omthe input pulse width of 100ps),
the spectral width of the autocorrelation/crosselation pulses is narrow. This narrow
bandwidth results in a long autocorrelation pulsdtv At the same time, this narrow
bandwidth reduces the extent of phase mismatch and result, the crosscorrelation
pulse will have a relatively higher peak power.
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Fig.4.11 (a) The relation between the input pulsdttwand the output autocorrelation (Q1: Q1*)
pulse width, (b) the relation between the inpuspukidth and the RPCA of Q2: Q1*/Q1: Q1*.
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Fig.4.12 (a) Autocorrelation (Q1: Q1*) and (b) @osrrelation (Q2:Q1*) pulses when the input
pulse width is respectively 2ps, 25ps and 100ps.
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Fig.4.13 Power spectrum of SSFBG Q1, and the specaf the input pulse with an FWHM of
2ps, 25ps, and 100ps.
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Fig.4.14 Spectral intensities (solid line) and m@sas(dashed line) corresponding to:
(a)autocorrelation Q1: Q1* when the input pulsetit 2ps, (b)autocorrelation Q1:Q1*when
the input pulse width is 100ps, (c)crosscorrelath Q1* when the input pulse width is 2ps, (d)
crosscorrelation Q2: Q1* when the input pulse widtthOOps.

4.4.3 Tolerance of central wavelength offset betweencoders and decoders

In above discussions, we assume that the cemtaakelength of the decoder is
calibrated to that of the encoder. Here, by sinmigtwe evaluate the effect of the offset
between the central wavelength of encoders anddéesoWe use systems with three
different configurations: (1) 15-chip codes withchip length of 1.25mm, (2)15-chip
codes with a chip length of 2.5mm, and (3) 31-atodes with a chip length of 2.5mm.
The total lengths of corresponding SSFBGs are otsedy 18.75mm, 37.5mm, and
77.5mm. As above, the codes are 4-phase-level feonily A sequences. In all these
systems, the refractive index modulation of the BBSHs chosen so that their peak
reflectivity is ~10%, and the input pulse width-ps.

For each configuration, we choose two code sempeeto obtain the autocorrelation and
crosscorrelation, and the central wavelengths eftiio encoding SSFBGs are always
equivalent and kept without change. The centralelength of decoding SSFBGs is
varied to produce different offsets with respecthiat of encoding gratings. The resultant
variations of values of autocorrelation peak andCRPare shown in Fig.4.15. As
anticipated, the system performance deterioratesdugdly with the increase of

wavelength offset. The values of autocorrelatioakpand RPCA are sensitive even to a
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wavelength shift of ~0.001lnm (~125MHz). Therefotke temperature of both the
encoding and decoding SSFBGs must be accuratelyrotled to avoid the central

wavelength shift. If a system operates at a wagtkenf ~1550nm andirydT is chosen

as 1x1F°C?, a temperature variation of ®Q will lead to a central wavelength shift of
0.001nm. In addition, the birefringence of a grgtwritten in a communication fibre is
typically 10°~10°, which will cause a central wavelength differende.01~0.0001nm.
Therefore, the polarization effect must be consider

Autocorrelation Peak(a.u.)

-0.02 0.00 0.02 . -0.02 0.00 0.02
Wavelength Offset (nm) Wavelength Offset (nm)

Fig.4.15 (a) The autocorrelation peak and (b) RR@der the different central wavelength offset
between the encoding and decoding SSFBGs. Thecautelation peaks are normalized to the
system with a wavelength offset of 0. Cross (+)ch# system with a chip length of 1.25mm.
Square %): 15-chip system with a chip length of 2.5mm. @ir(): 31-chip system with a chip
length of 2.5mm.

The performance deterioration caused by tlgrakewavelength offset of encoding
and decoding SSFBGs is due to the fact that thisebforeaks the phase matching
condition. As shown in Fig.4.15, the tolerance his tcentral wavelength offset is
different for different systems and, roughly, itinsersely proportional to the total length
(the product of chip length and chip number) ofceler-decoder gratings. The reflection
spectra of encoding-decoding SSFBGs contain mamyuteistructures (see Fig. 4. 4),
whose period is inversely proportional to its tokhgth. The breaking of the phase
matching condition caused by the central wavelepg#et is related to this period. With
the increase of the total length of the SSFBGs,péréod of the minute structures will
become shorter and, consequently, the tolerantleeofentral wavelength offset will be
more stringent. Therefore, for practical systenhg talibration of central wavelength
between encoding and decoding gratings is cruesgecially for the SSFBG with a long
physical length.
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4.4.4 Chip duration

OCDMA systems based on SSFBGs, with different chipations, have already been
demonstrated in experiments [142-150]. The effeétship duration on the OCDMA
system performance are as follows.

(1) Shorter chip duration implies a smaller sizetled encoder-decoder because the
chip duration is proportional to the chip lengthSSFBGs,.

(2) If an SSFBG encoder-decoder is composedahiips, each with a chip duration of
T, a single autocorrelation or crosscorrelation @wisll occupy a time slot @iNT. To
avoid the interference between neighboring bitsrie data sequence, the bit rate of each

OCDMA user should be no more thgaNT . Therefore, a shorter chip duration will

make a higher data bit rate possible for each user.

(3) SSFBG encoder-decoders with shorter chip dumatiill occupy a wider frequency
slot, which means that for WDM applications of OCBMthe wavelength channel
spacing will have to be wider.

(4) To keep the system performance, an OCDMA systétim shorter chip duration
requires shorter optical pulses as the input.

(5) The performance of OCDMA systems, with the sath@ number and code
sequences, is invariant under different chip daretj if a suitable input pulse width is
chosen.

We still use the 15-chip, four-phase-level SSFBGoeler-decoder as an example. The
chip length is varied from 0.2mm to 10mm, and facte chip length, the input pulse
width is accordingly chosen to be the same as hie duration. The grating strength is
chosen so that all the gratings have the same maélaktivity of ~10%. Numerically, we
show the autocorrelation pulse width, and the RPAween the crosscorrelation
Q2:Q1* and autocorrelation Q1:Q1*, under differehtp durations in Table 4.1. We can
see that, under these particular conditions, the @tration has no obvious affect on the
RPCA value of the system.

Table 4.1 Effects of different chip lengths (chipmmber = 15)

Chip Input Pulse | Autocorrelation | RPCA
Length Width Pulse Width

0.2Zmm 2ps 2.9ps 23%
0.5 mm Sps 5.9ps 23%
1.0 mm 10ps 10.7ps 23%
2.5 mm 25ps 27 4ps 23%

5 mm 50ps 56.7ps 23%
10mm 100ps 111.4ps 23%
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4.4.5 Chip number

SSFBG OCDMA systems with increasing chip nurebbe&ve been demonstrated [142-
150]. A larger chip number corresponds to a lorgete sequence and a system with a
larger chip number can accommodate more simultamesars. The reason is that the
correlation performance of longer sequences iebé#tan that of shorter sequences. For
both bipolar Gold sequences and the quaternaryyfafnsequences with a length Nf
the relative crosstalk level (the ratio betweenvagance of crosscorrelation and peak of
autocorrelation) is 32N .

Table 4.2 Effects of diffatehip numbers (chip duration = 5ps)

Chip Input Pulse | Autocorrelation | RPCA
Number | Width Pulse Width
3 2ps 3.9 18%
16 2ps 3.9 15%
32 2ps 3.9 6%
64 2ps 3.9 5%
' Fayren ! (@i
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Fig.4.16 Autocorrelation/crosscorrelation traces as chip memis: (a)7, (b)15, (c)31, (d)63,
where, chip length = 0.5mm, input pulse width =.2¢ste that an offset of 0.2 is added to the
crosscorrelation traces in the axis of intensity.

We use code sequences from sequénfdb?2], with the chip number of 7, 15, 31, and

63 respectively as an example. The chip lengthefst konstant to be 0.5mm, and the
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input pulse width is 2ps. The autocorrelation pwsdth and the RPCA value, under the
different chip numbers, are shown in Table 4.2.H\nh increase of chip number, the
RPCA values decrease. The autocorrelation and coosdation pulses, under the
different chip numbers, are shown in Fig.4.16.

Nevertheless, for an OCDMA system, with atipalar chip duration and a larger
chip number, its decoding pulse will occupy a langme slot and, consequently, the
maximum data bit rate each OCDMA user can achielldoeslower. Therefore, to obtain
a system with many users, each with a high dataabé, the SSFBG encoder-decoder

should have a large chip number and, at the san® &hort chip duration.

4.5 Conclusions

In this chapter, the SSFBG OCDMA systems #neisd from the viewpoint of the
FBGs. The analytical expressions are derived utigeweak grating approximation, and
the numerical simulations are performed using taesfer matrix method. They together
give us insight into how the encoding and decodimgtions are achieved in the SSFBG
OCDMA systems, and how and when the autocorrelamhcrosscorrelation conditions
are satisfied by the SSFBG encoders and decoders.

The effects of input pulse width and various SSFB&ameters are analyzed. The
input pulse width has a significant effect on tlystem performance, and its choice is
related to the chip duration of the SSFBG enco@eoeder. With the increase of the
SSFBG strength, the reflectivity of the SSFBG iases, while the phase matching
condition is gradually broken. In the design of gractical OCDMA system, the choice
of the SSFBG strength involves the tradeoff betwden power loss of the encoder-
decoders, and system performances. The central levegth of the encoding and
decoding SSFBGs must be calibrated with a high racgu The chip duration and chip
number are also critical parameters, because treyieectly related to the maximum
data bit rate of each user, and the possible usabear of the OCDMA system. Note that
in the analysis, although the system performansegh as the encoded pulses,
autocorrelation and crosscorrelation pulses, anallysevaluated in the time domain, it is

often easier to explain them in the frequency domai
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Reconfigurable-phase OCDMA

en/decoders

5.1 Introduction

Optical code division multiple access (OCDMA) systebased orsuper-structured
fibre Bragg gratings (SSFBGs) have been demonstrasea promising technique for
future optical networks. An SSFBG en/decoder, withspatial phase distribution
following a specific address code sequence, caraehhe function of temporal-phase-
encoding, which provides far better correlationf@enances than the amplitude-only
encoding. The conventional SSFBG en/decodersliaoeete-phase en/decoddyecause
spatial phase distributions in them are formed rseiting discrete phase-shifts, which
are shorter than a grating pitch.

In a discrete-phase OCDMA en/decoder, the add@ds sequence is fixed since it is
permanently inscribed during the FBG writing pracds is highly desirable if the code
sequence in an FBG en/decoder could be reconfigdyedmically, since this would
largely improve the functionality and flexibility foOCDMA networks. Recently,
Mokhtar et al. proposed and demonstraaa@configurable-phase en/decodeavhich is
composed of a uniform fibre Bragg grating and aeseof equidistant tungsten wires in
contact with the FBG [9] [153]. Electrical curremqgass through the tungsten wires, heat
the wires and FBG, and produce a background réfeattdex variation. This constitutes
a phase-shift in the FBG, which can be tuned byiagrthe electrical currents through
the tungsten wires. Because the thermally inducedbéckground) refractive index
distribution usually covers a length of several limigétres, phase shifts im

reconfigurable-phase en/decodae inherently distributed.
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However, in previous work, the distribution of theally induced phase-shifts in the
reconfigurable-phase en/decoders was not charaetieand its effect on overall system
performances has not been addressed. In this vibaded on characterization of the
phase-shift distribution of reconfigurable en/demsgd we will analyze the effects of
phase-shift distribution on OCDMA system perfornmesicMoreover, theeconfigurable
phase en/decodegiare improved to possess the capacity of fasnfiegoation.

In conventional discrete-phase en/decoders, phaifis are induced by spatial gaps
between uniform grating sections forming the indidal chips. While in the
reconfigurable-phase en/decoders, the phase-srifgproduced by thermally induced
background refractive index variations along thesGH@s described in Section 3.4.1). A

temperature variation afr(x), applied on the fibre core, will induce a backgrdydc)

effective index variatiomn, (x) along the FBG, and result in a phase shift of
_ 4
@= A_BIAH“C(X)dX (5.1)

The effective dc refractive index and spatial phdsgribution, for a discrete phase-
shift and a distributed phase-shift, are compareBig. 5.1. The effective dc refractive
index for a discrete phase-shift is usually a camstalong the FBG, while it is the
variation of effective dc refractive index that acwlates and produces a distributed
phase-shift. The physical length for a discretespkshift is less than a grating pitch,
while a distributed phase-shift usually coversragtd of several millimeters, containing a
number of grating pitches.

A distributed phase-shift|

A discrete phase-shift

Ngc

A

Ndc |
i Length

Spatial phase Spatial phase

i Length

Fig.5.1 The effective dc refractive index and sggphase distribution for a discrete phase-shift
and a distributed phase-shift.

This chapter is organized as follows. In Sectio®, Bve report our characterization
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result of a thermally induced phase-shift. The néigurable-phase en/decoders are
introduced in Section 5.3 and their system perfoweais simulated and discussed in
Section 5.4. Section 5.5 contains the experimemtsllts, including device fabrication,

characterization, performance and demonstratidheotapacity for fast reconfiguration.
5.2 Characterizing phase-shifts in reconfigurable-pase en/decoders

5.2.1 Characterization method

A series of tungsten wires are used in a regardible-phase en/decoder to achieve
multiple phase-shifts. For simplicity, we assumattthe phase-shift or dc refractive
index distribution induced by a tungsten wire ig affected by the addition of other
tungsten wires. Therefore, the overall dc (backgd)uefractive index distribution in a
reconfigurable en/decoder is simply the sum of dicerefractive index distributions
corresponding to all the spatially displaced phstsfis. Later, we will demonstrate this
assumption by comparing the measured reflectiomtap® of a reconfigurable-phase
encoder and the simulated one based on this assunngthis assumption is a good
approximation to practice because, although inteniee among neighboring wires does
exist, it is not serious.

Based on this assumption, if the phase-shdtdmrefractive index distribution
induced by a single tungsten wire are characterizdidnformation of a reconfigurable
en/decoder can be obtained. Two features of the §lating with a thermally induced
phase-shift have to be characterized. One is thgaeship between the applied electric
current and the amount of induced phase shift, fndnich we can determine the electric
current required for a particular phase shift. dtieer is the dc refractive index
distribution corresponding to a phase-shift, whghseful for predicting the performance
of OCDMA systems based on reconfigurable-phasecenfers.

Mokhtar et al. have already developed a methaatitiress the first problem [153]. The
electrical current is applied only to a tungsterewn contact with the center of a uniform
grating, and the amount of phase-shift is deterchibg experimentally observing the
shift of the dip wavelength in the reflection spaot of the grating. In the following
section, we will use this method to measure the uahaf phase-shift induced by
different applied electrical currents.

In Chapter 3, we have developed a pulse regporethod to directly characterize dc
refractive index distribution in an FBG with a sieghermally-induced phase-shift. A
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train of short optical pulses is reflected from tmtings, and the dc refractive index
distribution along the grating can be determined rbgasuring the temporal phase
distribution of the reflection pulses. We will ughis method to characterize the
distribution of thermally induced phase-shifts.

5.2.2 Characterization results

By experimentally observing the shift of the eiavelength in the reflection spectrum
of FBGs, we measure the thermally-induced phadéssmder different electrical
currents as the diameter of the tungsten wiressipectively 18m, 5Qum, or 10@m. The
fibre, on which the grating is written, is a startitelecom compatible fibre with a
diameter of 12pbm (numerical aperture is ~0.12). The results aoevshin Fig.5.2. The
measurement accuracy for the phase-shifts is #0.@4d the measurement error for the
electrical currents is less than 2%. The electacatents corresponding to a phase shift
of 0.5t, n, and 1.4, which is fundamental for a four-phase-level OCDystem, are
summarized in Table 5.1.

§ 20 ga) Wire diameter = 18um
— C a
SIS n—l"
€ 1of o
I SR
F a
§ 05— L
e 0.0 i 1 || 1 l [ 1
o O
30 40 50 60 70 80 90 100
Electrical current (mA)
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R o
£ | .
s W=7 a1 ,
I r uﬂ |
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Fig.5.2 The relationship between the amount of eislfts and the electrical currents passing
through the tungsten wire with a diameter of (glrh8(b) 5qQum, or (c) 10@m.
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Table 5.1 Electrical currents required fooqucing a phase shift of Gc5r, and 1.%

_ Electrical current (mA)
Phase-shift
(rad) 18um wire 50um wire 100um wire
ra
diameter diameter diameter
0.51 52 174 380
1.0n 70 235 480
1.57 84 285 550
(a) Wire diameter = 18um
2e-4 |
o -
o C
t/% 1e-4 r
o F
Length (1mm/div)
(b) Wire diameter = 50u
2e-4 f— 7
C | = 285mA
o -
O L ]
S ledf | = 235mA-]
1= 174mA ]
o ]
Length (1mm/div)
(c) Wire diameter = 100um
2e-4 E— ]
E | = 550mA
o ;
S tealb | = 480mA 1
i 5 | = 380mA ]
0 . 1 1 1 1 1 1 1 1 1 1

Length (1Tmm/div)

Fig.5.3 Measured distribution of the dc refractindex variation corresponding to a phase-shift
of 0.5t, n, and 1.7 as the wire-diameter is (a) @@, (b) 5Qum, or (c) 10Qum.

Using the pulse response method, we character&édlrefractive index distribution
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corresponding to a phase shift®%r, =, and 1.7 as the diameter of the tungsten wires is
respectively 18m, 50um, or 10Qum. The input pulse width used in the measurement is
5ps, and the grating parameters and experimentap sge same as those in Section
3.4.3. The results are shown in Fig.5.3. The measent error may arise from the non-
stability of the input optical pulses, ambient teargiure variations or the pulse retrieval
algorithm. The maximum dc refractive index variasoand FWHM’s of their
distributions are respectively summarized in Téh and Table 5.3. From Fig.5.3, the

characterization error for the FWHM is estimated&o+0.2mm.

Table 5.2 Maximum dc refractive index variation @ifferent phase-shifts

Phase-shift max@Enge)
(rad) 18um wire diameter| 50m wire diameter | 1Q0m wire diameter
0.5n 0.9x10" 0.5x10" 0.6x10"
1.0n 1.7x10" 1.3x10" 1.1x10"
1.5n 2.2x10° 2.2x10° 1.8x10"

Table 5.3 FWHM of dc refractive index variation fiifferent phase-shifts

Phase-shift FWHM (mm)
(rad) 18um wire diameter| 50m wire diameter | 10@m wire diameter
0.5n 4 4.1 3.5
1.0n 2.7 2.5 3.5
1.5¢ 2.9 2.2 3.0

As we will show later, the FWHM of the dc redtie index distribution corresponding
to a thermally induced phase-shift should be astsi® possible to achieve OCDMA
en/decoders with short chip-duration. From intunfiothe thinnest wires should give the
most localized dc refractive index distribution. wAsver, the information we obtained
from above experimental results is mixed. AccordingTable.5.3, it seems that the
50um-diameter-wires will produce dc refractive indeistdbutions with the lowest
FWHM, but this is not entirely consistent with thesults in Table.5.2, as the 8-
diameter-wires give the highest maximum-dc-refrecindex-variation at each phase-
shift. From a practical point of view, however, th@um-diameter wire is the easiest to
handle, and we select they0-diameter wires for our reconfigurable-phase erdders.
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5.2.3 Modelling the phase-shift in a reconfigurablgphase en/decoder

To model the reconfigurable-phase en/decodeirsy tungsten wires with a diameter
of 50um, we assume that the dc refractive index variatimduced by a single wire
follows a hyperbolic secant square distribution,shewn in the solid line of Fig.5.4,
which is a good approximation to the measured @iso(shown in dashed lines in
Fig.5.4). The overall distribution of dc refractiwedex variation in a reconfigurable-
phase en/decoder is obtained by adding the dactefeaindex distribution corresponding

to all the displaced phase-shifts.

T T T | T | T | T
Assumed distribution |
— —— Measured distribution —

2e-4

1.5n

ndc

© 1e-4

length (mm)

Fig.5.4 Assumed (solid lines) and measured (dasihed) distributions of dc refractive index
variations corresponding to a phase-shifttD5 and 1.5t (as the wire-diameter is p).

5.3 Reconfigurable-phase en/decoders

Shown in Fig.5.5 is the structure of a 16-chip rdigurable-phase en/decoder with a
chip-length of 2.5 mnfcorresponding to a chip duration of ~25ps). Itamstructed by
positioning 15 parallel wires 2.5mm apart along BB, with the first wire being placed
2.5mm into the grating. The diameter of tungsteresvis 5am. The uniform FBG is 40
mm long and is written in a standard telecom coibfgafibre with a numerical aperture
(NA) of ~0.12. As mentioned above, the phase-shifesintroduced by the localized heat
from tungsten wires and can be controlled by vayythe electrical currents passing
through the wires. This causes the temperaturedancfractive index variation on the
FBG and, consequently, results in a reconfigurablese en/decoder.
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Fig.5.5 Device layout of a Iicreconfigurable-phase en/decoder.

Two 15-bit quaternary codes, Q1 5k 007 007 057 1.07 007 007 1.57 057 151
057 007 057 107 15n], and Q2 = [L57 057 1.0n7 157 007 057 1571 1.0m 007 151 007
007 00n 05n 057 ], are chosen from the familA sequences [152]. By applying
appropriate electrical currents along the 15 wieeeconfigurable-phase en/decoder with
a code sequence of Q1 or Q2 can be achieved. QARQ2R are used to designate
reconfigurable-phase encoders with code sequernic€¥loand Q2, while Q1R* and
Q2R* are corresponding reconfigurable-phase desoder

By adding the dc refractive index variation distition, corresponding to all the
spatially displaced phase-shifts, the overall dcamive index distributions in Q1R and
Q2R are obtained and shown in Fig. 5.6. They asedan the single-phase distribution
shown in the solid lines in Fig. 5.4.

In the following simulation and experimentse wvill also use discrete-phase
en/decoders. Q1D and Q2D are respectively usecdesigrhte 16-chip discrete-phase
encoders with code sequences of Q1 and Q2, whil®*Qdnd Q2D* are the
corresponding decoders. The chip lengths of Q1DD,QRQ1D*, and Q2D* are also
2.5mm. Shown in Fig. 5.7 are the spatial phasedisurete-phase encoders Q1D and
Q2D.
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Fig.5.6 dc refractive index distributions of theoafigurable-phase encoders (a) Q1R and (b)
Q2R.
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Fig.5.7 Spatial phases of therdisephase encoders (a) Q1D and (b) Q2D.

5.4 OCDMA systems based on reconfigurable-phase deters

5.4.1 En/decoders with distributed or discrete phasshifts

In this section, we will first compare the sabphase distribution, reflection spectra,
and encoding pulses of discrete-phase en/decoddnseaonfigurable-phase en/decoders.
Then, OCDMA systems using discrete-phase encodexs reconfigurable-phase

decoders are simulated. The Bragg wavelength, tiectige index modulation of all the
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encoding and decoding gratings (Q1D, Q2D, Q1D*, @ZDLR, Q2R, Q1R* and Q2R*)
are respectively 1550nm, and 1.0%10he peak reflectivity of all the FBG en/decoders
used for the simulation is less than 20%.

The spatial phase distribution in the reconfiple-phase encoder Q1R is obtained

from Fig.5.6 (a) by usingp:j—”fAndc(x)dx and is shown in Fig. 5.8. Spatial phase
distribution in the discrete-phase encoder Q10se ahown in Fig. 5.8, in a dashed line

for comparison. We can find that the spatial phdis¢ribution in the reconfigurable-
phase encoder Q1R is an approximation to thatardtécrete-phase device Q1D.
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Fig.5.8 Spatial phase distributions in Q1D and Q1R.
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Fig.5.9 Simulatreflection spectra of (a) Q1R and (b) Q1D.
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The simulated reflection spectra of the reconfiglegphase FBG Q1R and discrete-
phase FBG Q1D are respectively shown in Fig.5.9ata (b). For the same nominal
address codes, the reflection spectrum of the fegoable-phase-encoder is narrower
than that of the discrete-phase-encoder and ithelsomuch lower spectral features away
from the main band.

The simulated pulse responses (when the input pwséh is 2ps) of the
reconfigurable-phase grating Q1R and discrete-pbesitng Q1D are shown in Fig.5.10
(@) and (b). The central wavelength of input optipalses is tuned to the central
wavelength of the gratings. The response of Q1R milse with distinct edges and a
smooth top-section, while that of Q1D is composkd series of short pulses divided by
dips at each phase transition. For both Q1R and,@dmporal phases of the reflected
pulses strictly follow the spatial phases of cquoesling gratings. This is called temporal

phase encoding.

1 (a) 2ps: Q1R

o Intensity (a.u
Phase (n rad)

0 100 200 300 400
Time (ps)

(b) 2ps: Q1D

Phase (n rad)

o Intensity (a.u.) -

0 100 200 300 400
Time (ps)

Fig.5.10 Simulated pulse responses of (a) Q1R@NQ1D (the input pulse width is 2ps).

5.4.2 Correlation between distributed and discret@hases

In a reconfigurable OCDMA system, the fixed-eatkvices with discrete phase-shifts
are used as encoders, while the reconfigurableepd@gices with distributed phase-shifts

are used as decoders. In this section, we will sihmw the distributed phases in
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reconfigurable-phase decoders correlate with discqghases in the discrete-phase
encoders.

Shown in Fig. 5.11 (a) is the simulated decodintse as the encoders are Q1D plus
Q2D, and the decoder is Q1R*, while in Fig. 5.1) ttie decoder is Q1D* (when the
input pulse width is 2ps). The central wavelengthhe input optical pulses is tuned to
the central wavelength of en/decoding FBGs. Firgtlg autocorrelation pulse width of
Q1D: Q1R* is broader than that of Q1D: Q1D*. Sedgndthe side-lobes of
autocorrelation Q1D: Q1R* are higher than that dfDQ Q1D*. Thirdly, the ratio
between the peak of cross and auto correlation RE (Q1D+Q2D): Q1R* is larger
than that of (Q1D+Q2D): Q1D*. All these differencax® due to the fact that phases of
encoder Q1D and decoder Q1D* are completely cotgygahile the phases of encoder
Q1D and decoder Q1R* are only approximately corigdherefore, the decoding
performance is largely dependent on the specifstridution length of the distributed
phases. It is apparent that the more confined tieitdited phase-shifts are, the better
they will match the discrete phase-shifts. Nevdetf&g as shown in Fig.5.11 (a), even
when the lengths of the phase-shift distributioea eomparable to the chip length, the
autocorrelation pulse, and hence the recognitignagure, is still clear.
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Fig.5.11 Simulated decoding pulse as the encoderf)aD plus Q2D, and the decoder is (a)
Q1R*, or (b) Q1D* (when the input pulse width iss2p
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5.4.3 Choice of chip length

As shown in Fig. 5.4, if the tungsten wires usedeiconfigurable-phase decoders have
a diameter of 50m, the FWHM of a single-phase-shift distribution~8.5mm. In this
section, by a numerical simulation, we will shownhtm choose the chip length of the
reconfigurable OCDMA en/decoders.

We assume that the total length of en/decodsersAOmm and compare three
configurations of reconfigurable en/decoders: (ap amumber = 8, and chip length =
5mm; (b) chip number = 16, and chip length = 2.5moh;chip number = 32, and chip
length = 1.25mm. Note that for all the three confagions, the FWHM of a single-phase-
shift distribution is 2.5mm. The codes for (a) eh®sen from the Gold sequences [151],
while the codes for (b) and (c) are chosen fronRdumily A sequences [152].

 (a) 8-chip
1e-4 [ A M
0 E | | L L L
10 20 3

0 40

g,

Length (mm)

(b) 16-chip

g,

0 f i f ! | ) ) ) | y ) . | . . L
20 30 40
Length (mm)

20
Length (mm)

Fig.5.12 dc refractive index distributions in refigarable-phase encoders with a configuration
of (a) chip number = 8, and chip length = 5mm;dbip number = 16, and chip length = 2.5mm;
(c) chip number = 32, and chip length = 1.25mm.

Shown in Fig.5.12 are the dc refractive index disiions in reconfigurable-phase
encoders with a configuration of (a), (b) or (cheTdc refractive index distribution
corresponding to a code is obtained by adding tberadractive index distribution
corresponding to all the displaced phase-shiftd,tha dc refractive index distribution of
a single phase-shift follows the solid lines in.big. For a chip length of 5 mm, the
adjacent phase-shifts are nearly separate; foipalehgth of 2.5 mm, equivalent to the
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FWHM of a single-phase-shift distribution, the adjat phase-shifts begins to have an
obvious interference; for a chip length of 1.25 madi, the adjacent phase-shifts are
interleaved together.

To calculate the auto and cross correlation perdmoas, two codes are chosen for
each configuration. For all the three configurasiotine fixed-code devices with discrete
phase-shifts are used as encoders, while the rligooalble devices with distributed
phase-shifts are used as decoders. The decodit@gdad cross correlation) pulses under
the three configurations are shown in Fig.5.13hmsimulation, the input pulse width is
2ps and the index modulation of the gratings issehoso that their peak reflectivity is
less than 10%. Based on comparing RPCA'’s undethitiee configurations, we find that
configuration (b) has the best performance. Theebgerformance of (b) over (a) is due
to the fact that the code sequences in configurgip are longer than in (a). Although
the code sequences in configuration (c) are lotiggm in (b), the performance of (c) is
still no better than in (b) because in configunatio), the single-phase-shifts are seriously
smeared by the short chip-length.

However, if only considering the autocorraatpulse, we find that configuration (c)
has the best performance. The autocorrelation ofiguration (c) has the shortest pulse-
width and lowest side-lobes.

In practical OCDMA systems, both the autoclatien and cross-correlation are
important. Therefore, in the following experimentse chip length of reconfigurable-

phase en/decoders will be chosen as 2.5 mm.
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Fig.5.13. Simulated decoding (auto and cross aiogl) pulses under the configurations (a) 8-
chip, (b) 16-chip, and (c) 32-chip.

5.5 Experiments and results

5.5.1 Device parameters and characterization

To test the performances of reconfigurable OCDMAtems, we fabricate discrete-
phase en/decoders Q1D, Q2D, Q1D*, Q2D*, and regandible-phase en/decoders Q1R,
Q2R, Q1R*, Q2R*. The encoding and decoding gratingsd in following experiments
have the same code sequences and designations &ection 5.4. Their Bragg
wavelength, effective index modulation, chip lengémd total length are respectively
1550nm, 2.2x18, 2.5mm and 40mm. The peak reflectivity of all fi8G en/decoders
for the experiments is less than 50%.

The discrete-phase en/decoders are fabricated wkeg-ontinuous grating writing
technique (as described in section 2.3.3). Thaapatase distributions of Q1D and Q2D
have been shown in Fig.5.7. Note that Q1D* and Q2D¥ respectively the physically
reversed gratings of Q1D and Q2D. To obtain recuméible-phase en/decoders, uniform

gratings are written in a standard telecom comfgafibre. The reflection spectrum of the
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uniform grating is shown in Fig. 5.14. The 16-chgronfigurable-phase en/decoders
Q1R, Q2R, Q1R*, Q2R* with a chip length of 2.5mne @onstructed using the technique
described in Section 5.3. The diameter of tungstémes used for constructing the
reconfigurable devices is pth. Therefore, the dc refractive index distributionthe
reconfigurable-phase en/decoders could be obtaihagded on the single-phase-
distribution shown in the solid lines in Fig.5.4heldc refractive index distributions in
Q1R and Q2R have been shown in Fig.5.6. Note tHi®R*Qand Q2R* are respectively
the physically reversed gratings of Q1R and Q2R.

Reflectivity (10dB/div)

1549.8 1550.0 1550.2
Wavelength (nm)

Fig.5.14 Reflection spectrum of the uniform grating

Shown in Fig. 5.15 (a) and (b) are the simulateskiééd lines) and measured (solid
lines) reflection spectra of reconfigurable-phaseoelers Q1R and Q2R. In the
simulation, the dc refractive index distributions@1R and Q2R follow those shown in
Fig.5.6. The measurements roughly agree with thaulsition results. This agreement
also demonstrates our previous assumption: theathwr (background) refractive index
distribution in a reconfigurable-phase en/decodeuldt be approximated by directly
adding dc refractive index distributions correspogdo all the spatially displaced phase-
shifts.

Shown in Fig. 5.15(c) and (d) are the reflectiomcdm of discrete-phase encoders
Q1D and Q2D. The excellent agreement between thergment and simulation results
demonstrates the high-quality of grating writingheique. For the same nominal address
codes, the reflection spectra of the reconfigurgpblase-encoders are narrower than those
of the discrete-phase-encoders and they also haadh fiower spectral features away
from the main band. Their spectral inequality osclnecause the phase-shifts are
distributed for the reconfigurable device, whileyhare discrete for the fixed one.
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@ Q1R

Reflectivity (10dB/div)

1550.0 1550.5 1551.0
Wavelength (nm)

Fig.5.15 Simulated (dashed lines) and measureit (goks) reflection spectra of reconfigurable-
phase encoders (a) Q1R, (b) Q2R, and discrete-gmaselers (c) Q1D (d) Q2D.

5.5.2 Systems using discrete-phase encoders andomfigurable-phase decoders

We first test the OCDMA system using discrete-phaseoders (Q1D and Q2D) and
reconfigurable-phase decoders (Q1R* or Q2R*). Thpeemental setup is shown in
Fig.5.16. A tunable laser, operated at ~1550 nmoaised through an electro-absorption
modulator (EAM) which is driven by a 10GHz sinusaictlock signal, producing a
10GHz pulse train with an FWHM of ~20 ps. The puis®n is then modulated by a
LiNbO3 electro-optic intensity modulator (EOM) in respert® the data signal from a
pseudo-random pattern generator (PPG). This pudge is split by a 3dB coupler into
two parts, each reflected from the fixed and discpghase encoders Q1D and Q2D,
respectively, and then combined by another 3dB leou@ fibre time-delay-line is
utilized to divide the signals from the two encaglgratings in the time domain. Then the
combined signal is reflected from the reconfiguegbhase decoding grating Q1R* or
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Q2R*.
01D
Cloc PF é g?
Y v Oscilloscope or
Lase EAM EOM —> ~ —> BER tester
02D

Q1R*, Q2R¥,
(Q1D* or Q2D*).

Fig.5.16 Experimental setup.

By applying a 300MHz clock signal through the@R 300MHz pulse train with an
FWHM of ~20 ps is produced from the EOM. The decbgelses are detected with a
20GHz photodiode and then fed into a fast sampdiagilloscope. The measured and
calculated auto- and cross correlation pulses, wihenreconfigurable-phase devices
(Q1R* and Q2R*) are used for decoding, are shownFig.5.17 (a) and (b). The
measured ratios between the peak of cross andcautelation (RPCA) are ~34%. The
autocorrelation pulse widths are measured by aacautelator, which is based on the
second-harmonic-generation (SHG) technique. When décoder is a reconfigurable
FBG, the output pulse width is ~39ps.

For comparison, we also measure the system usiaed-code devices (Q1D* and
Q2D*) as decoders. The measured and calculated aotl cross correlation pulses are
shown in Fig.5.17 (c) and (d). The measured rdmtsveen the peak of cross and auto
correlation are ~30%. The autocorrelation pulsethgichre measured to be ~23ps. Note
that the input pulse width is ~20ps, while the atipation is ~25ps.

If we compare the experimental results (the inpuse with is 20ps) shown here and
the simulation results shown in Fig.5.11 (the inpulse width is 2ps), we find that using
a shorter input pulse can improve the performaridbeofixed-code system, while it has
no obvious effect on the reconfigurable-code systénis we believe can be explained
from Fig.5.15, which shows that the reflection sp@m of a reconfigurable-phase device
is narrower than that of a fixed-code device, tfogeeimplying that the reconfigurable

device is more tolerant to a longer input pulsetiid
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Fig.5.17 Measured (solid lines) and calculated l{ddslines) decoded pulses for decoder (a)
Q1R* (b) Q2R*, (c) Q1D* and (d) Q2D*.
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Fig.5.18 The power of decoded pulses (a) whendbenfigurable decoder is switched ON-OFF-
ON, (b) when the phase code sequence is switcbad@1R* to Q2R*, and then back to Q1R*.

-83-



Chapter 5 Reconfigurable-phase OCDMA en/decoders

The tuning speed of the reconfigurable-phase desoidemeasured by feeding the
decoded pulses into an oscilloscope having antaféedetection bandwidth of 200MHz.
The experimental setup is the same as Fig.5.16.r@d@nfigurable decoder is switched
from ON to OFF by controlling wire-currents, anemhback to ON, i.e., from code to no
code (uniform grating) and back to code. The powefethe reflected signal (in the ON
state, it is the peak of autocorrelation pulsetha OFF state, it is measured at the
background noise level) from the reconfigurable adier is shown in Fig.5.18 (a).
Furthermore, the phase code sequence is switcbed@1R* to Q2R*, and then back to
Q1R*. The power of the reflected signal (includiagtocorrelation and crosscorrelation
pulses) from the reconfigurable decoder is showrigns.18 (b). The response time of all
the switching process is observed to be less tlsanTRis is due to the fact that the
tungsten wire has a fast heat response to eldctuceents, and the silica fibre used as

the host for the gratings also has a fast therm-ogsponse.

Back to Back
Q1D: Q1D*
Q2D: Q2D*
Q2D: Q2R*
Q1D: Q1R*

o> »mO

TSNS I Y T AR S VR b (I BRI TR R B R
-31 -30 -29 -28 -27 -26 -25 -24
Power (dBm)

Fig.5.19 BER test results for the system which disesl or tunable decoders (the data bit rate is
1.25 Gb/s).

The bit error rate (BER) of the autocorrelatiortien measured when the data bit rate
is 1.25 Gb/s (with a 21 pseudo-random-bit-sequence data pattern). 51 BER test,
only one encoder and its corresponding fixed oomégurable decoder exist in the
experimental setup, therefore, no cross-correlatidarferes with the autocorrelation
signal. The results are summarised in Fig.5.19. Duke appearance of autocorrelation
side-lobes, a power penalty is measured in thecautelation signal compared with the
back-to back case. The power penalty is ~0.6dB wherdecoder is a fixed-code FBG.
An additional ~2.6dB penalty is measured when teeoder is a reconfigurable FBG.
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This additional penalty is found mainly to be doehe increased power in the shoulders

of autocorrelation pulses when a distributed-plgaaéing is used.

5.5.3 Systems using reconfigurable-phase encodersdadecoders

We also test the OCDMA system using recon@igle-phase encoders (Q1R or Q2R)
and decoders (Q1R* or Q2R*). The experimental se&tupmilar to Fig.5.16. The input
pulse train, with a pulse-width of ~5ps, is frorgan-switched semiconductor laser.

-

Intensity (a.u.)

o

(a) 5ps: Q1R

(b) 5ps: Q1R*

-

Intensity (a.u.)

o

Time (ps)
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Fig.5.20 Measured pulse responses of (a) encodBr &M (b) decoder Q1R* (the input pulse

width is ~5ps).
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Fig.5.21 Measured autocorrelation pulses when ttooders and decoders are respectively (a)
Q1R: Q1R* and (b) Q2R: Q2R* (the input pulse wigth-5ps).

First, the pulse responses (the input pulse wilthSps) of encoder Q1R and decoder
Q1R* are detected with a 20GHz photodiode and & $ampling oscilloscope. The
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results are shown in Fig.5.20. Then, Q1R (or QZRysed as encoder and Q1R* (or
Q2R*) is used as decoder. The resultant autocoialpulses are measured and shown
in Fig.5.21. Note that in this configuration, thieages of reconfigurable-phase encoders
and decoders are completely conjugate. In nexttehamwe will develop a new fixed-

code en/decoder, whose phase profile is designedatoh a reconfigurable en/decoder

accurately.

5.6 Conclusions

We have made a detailed study on the reconfiguiidse OCDMA en/decoder
based on fibre Bragg gratings and a thermal tungxhnique. The distribution of
thermally induced phase-shift is characterizedgisine pulse response method reported
in Chapter 3. This characterization provides usfthelamental information to model,
analyze and design reconfigurable-phase OCDMA enfiiers.

Based on the characterization result, the dianatéunngsten wires is chosen so that
the distribution of the thermally induced phasdtshis most confined, and the chip
length for configurable-phase en/decoders is aéterthined. New reconfigurable-phase
en/decoders are fabricated and tested. The faghfigaration capacity of
reconfigurable-phase decoders is experimentallyathstnated. The tuning time between
two different phase codes is measured to be lessas.

By experiments as well as simulation, an OCDMA egstusing discrete-phase
encoders and reconfigurable-phase decoders is cethpath a system using fixed-code
discrete-phase encoder and decoders and, althdwghsytstem using discrete-phase
decoders exhibits a shorter output autocorrelgpolse width and lower side-lobes, the
system using reconfigurable-phase decoders hastadps of flexibility and a more
relaxed requirement on the input pulse width. le tiext Chapter, new fixed-code
continuous-phase OCDMA en/decoders will be devealope

The reconfigurable-phase en/decoders describddsirtChapter have already been used
to recognize the optical header in an all-opticatket switching system. The relevant

experimental results are reported in Ref [154-155].
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Chapter 6

Continuous-phase OCDMA en/decoders

6.1 Introduction

In the reconfigurable OCDMA systems, described Imaer 5, reconfigurable-phase
decoders, which inherently have distributed phdmitss are used to retrieve the signals
from discrete-phase encoders with fixed-codes. His tonfiguration, although the
encoders and decoders are not completely conjutietdinal autocorrelation and cross-
correlation performances are still acceptable. H@me under equal nominal code
sequence, the spatial phase distributiom ireconfigurable-phase en/decoddoes not
completely match that &f discrete-phase en/decoder

In this chapter, we propose and experimentally destrate a novel fixed-code and
continuous-phase en/decodeith a phase profile designed to match a recordigle
en/decoder accurately. Thus, this new continuo@sehdevice has the inherent
advantage to operate together with reconfigurabkessp devices in reconfigurable
OCDMA systems.

This chapter is organized as follows. The structira continuous-phase en/decoder is
introduced in Section 6.2. The device and systenfopeances of continuous-phase
en/decoders are simulated and compared with thbdesaete-phase devices in Section
6.3. In Section 6.4, 16-chip continuous-phase,rdisephase, and reconfigurable-phase
OCDMA en/decoders are fabricated and OCDMA systemith several different
configurations are tested. In Section 6.5, 31-cl@pices are built and, by exploiting the
narrow-bandwidth  characteristics of continuous-phaslevices, a 16-channel
OCDMA/DWDM system is demonstrated with a WDM chalrspacing of only 0.4nm.
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6.2 Continuous-phase en/decoders
In a discrete-phase en/decoder, a spatialagain the grating structure constitutes a

phase-shiffo:%neﬁAL. On the contrary, in a reconfigurable-phase ewdec a phase-

B

shift is given byp:‘/"]—” f o, (x)dx, wherea, (x) is the additional dc effective refractive

index change. With the same code sequence, thel fimee-code continuous-phase
en/decoder will have the same dc refractive indiekidution as a reconfigurable-phase
encoder-decoder.

In Chapter 5, we have, using the pulse responskadgetharacterized the distribution
profile of a thermally induced single phase-shiftnQ 1.0t or 1.5t. The dc refractive
index distribution corresponding to a single phalsdt in a continuous-phase en/decoder
will follow that in a reconfigurable-phase en/deeadwvhich is shown in Fig.6.1.

2e-4 :_ 1.57 _:

1.0n
2.5mm

length (mm)

Fig.6.1 dc refractive index distribution correspimggto a single phase-shift.

We choose the same 16-bit quaternary codes Q1 anido@ the familyA sequences
as in Chapter 5. Q1C and Q2C are used to desigimiateontinuous-phase encoders with
code sequences of Q1 and Q2. As in a reconfiguaidse encoder, the dc refractive
index distribution in a continuous-phase encoderl® obtained by adding the dc
refractive index distributions of all the spatialtiisplaced phase-shifts. Based on the
single-phase distribution in Fig.6.1, the dc refracindex distributions in Q1C and Q2C
are calculated and shown in Fig.6.2.

Reconfigurable-phase encoders Q1R and Q2R hawvadglteeen described in Chapter
5. Their dc refractive index distributions are simoww Fig.5.6. It can be seen that, with

the same code sequences, the continuous-phase@iéde have the same dc refractive
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index distributions as the reconfigurable-phasedexdders.

In this Chapter, we still use Q1D and Q2D to deasigrthe discrete-phase encoders
with code sequences of Q1 and Q2, whose spatiakepthatributions have been given in
Fig.5.7.

(a) Q1C
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© 1e-4 -
0 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1
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Length (mm)
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0 10 30 40

20
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Fig.6.2 dc refractive index distributions of contous-phase encoders (a) Q1C and (b) Q2C.

6.3 OCDMA systems based on continuous-phase en/ddecs

6.3.1 Encoding and decoding of continuous-phase detoders

In this section, we will show the reflection spactencoding pulses and decoding
pulses of continuous-phase en/decoders Q1C, Q2C*,Qdnd Q2C* by simulation.
Chip number, chip length, and effective index matah of all these en/decoders are
respectively 16, 2.5mm, and 1.0¥10The peak reflectivity of all the FBGs for
simulation is less than 20%.

The simulated reflection spectra of continuobage encoder Q1C and discrete-phase
encoder Q1D are shown in Fig.6.3 (a) and (b) raspmdyg. For the same nominal address
code, a continuous-phase en/decoder has the samatsd reflected spectrum as a
reconfigurable-phase en/decoder since they havesdnee spatial phase distribution,
while a continuous-phase en/decoder has a narneflection spectrum than a discrete-
phase en/decoder.

The simulated pulse responses (intensities andephad continuous-phase encoder
Q1C and decoder Q1C* are shown in Fig.6.4 (a) édvhen the input pulse width is
5ps. The central wavelength of input optical pulsesined to the central wavelength of
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en/decoders. For both Q1C and Q1C*, temporal phafsté®e reflected pulses follow the
spatial phases of corresponding gratings. The apphases of Q1C* and Q1C are
conjugate, therefore, the pulse responses of QI@* @1C are also conjugate as the

FBGs are weak.

(a) Q|1C | | | | | | | |

s L |
2
o .
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. . ! . . pyLlyl
1550.0 1550.5 1551.0

Wavelength (nm)

Fig.6.3 Simulated reflection spectra of (a) conbtustphase encoders Q1C and (b) discrete-phase
encoder Q1D.
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Fig.6.4 Simulated intensities (solid lines) and g% (dashed lines) of pulse responses of
continuous-phase (a) encoder Q1C and (b) decod@r Qie input pulse width is 5ps).
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Shown in Fig.6.5 are the simulated decoding pusethe encoder is Q1C or Q2C, and
the decoder is Q1C* or Q2C*, when the input pulséthvis 5ps. The central wavelength
of input optical pulses is tuned to the central @lamgth of en/decoding FBGs in the

simulation.
. (a) 5ps: Q1C: Q1C* ; (b) 5ps: Q2C: Q2C*
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Fig.6.5 Simulated autocorrelation (a) Q1C: Q1C}), @2C: Q2C*, and crosscorrelation (c) Q2C:
Q1C* (d) Q1C: Q2C* (the input pulse width is 5ps).

6.3.2 Comparing three system configurations

To evaluate the performances of continuous-phaigelecoders, we compare the
following three OCDMA systems: (a) discrete-phaseoglers and decoders, (b) discrete-
phase encoders and continuous-phase decoders) oor{tnuous-phase encoders and
decoders. In these systems, Q1C, Q2C, Q1C* and @2€*used as continuous-phase
en/decoders, and Q1D, Q2D, Q1D* and Q2D* are usediscrete-phase en/decoders.
Chip number, chip length, and effective index matah of all these en/decoders are
respectively 16, 2.5mm, and 1.0%10"he input pulse width is 5-ps.

The auto and cross correlation pulses were sinujlaied are shown in Fig. 6.6. Based
on comparing the ratio between the peak of crodsaamo correlation (RPCA), we find
that configuration (a) has the best performancdoagh only marginally better when
compared with (c). The better performance of camfigion (c) over (b) is due to the fact
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that the spatial phases of encoders and decodefs) iare both continuous and can
therefore match completely. A special advantageoofiguration (c) over (a) is that the
continuous-phase devices can be achieved withdpacity of dynamic reconfiguration
considering that the reconfigurable-phase devie@e the same spatial phase distribution
as continuous-phase device.

(a) Discrete-phase encoders: Discrete-phase decoders
1 =

El ]
g [ i
= [ :
(D [ -
& | 0.12 1
= Q1D: Q1D* Q2D: Q1D* 7 :

0 ‘ ‘ ‘

0 400 800 1200 1600

Time (ps)
(b) Discrete-phase encoders: Continuous-phase decoders
1 T T T T

El
g
=
2
2 Qip:qicr  Q2o:qrct 016
_O L 1 h I ! h 1 Vaa
0 400 800 1200 1600

Time (ps)
(c) Continuous-phase encoders: Continuous-phase decoders

Bl

=

ey

2

3] . : « 013

_0 A N~ A

0 400 800 1200 1600
Time (ps)

Fig.6.6 Simulated auto and cross correlation puisesonfiguration (a) discrete-phase encoders
and decoders, (b) discrete-phase encoders andcheouns-phase decoders, and (c) continuous-
phase encoders and decoders.

The relatively low RPCA value for all these systembile not acceptable in a real
system, is because of the small chip number we sshao the simulation. As shown in

Chapter 4, it can be improved significantly by gsanlarger chip number.

6.3.3 Tolerance to the input pulse width
For further comparisons, the system performancesoafigurations (a) and (c) are
simulated under different input pulse-widths. Tlesuitant RPCA’s are summarized in

Fig.6.7. We can see that the systems using thencmnis-phase encoders and decoders
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are more tolerant to longer pulse-widths. This t@nexplained by the fact that the
reflection spectrum of the continuous-phase deigasarrower than that of the discrete-
phase device, which has been shown in Fig. 6.3s @lso suggests the potential of
bandwidth saving, and this could facilitate the bamtion of an OCDMA system with
WDM techniques.

—-<0— Systems using discrete-phase en/decoders
—0o— Systems using continuous-phase en/decoders

04 [

02

RPCA

0.1

0.0 | | | | | |
20 30 40 50
Input pulse width (ps)

Fig.6.7 Simulated RPCA’'s for systems using contusi®@r discrete-phase en/decoders for
different input pulse widths.

6.4 Experiments and results

6.4.1 Device fabrication and characterization

In the following experiments, we will use discrgtiease en/decoders (Q1D, Q2D,
Q1D* and Q2D*), reconfigurable-phase en/decodersRQQ2R, Q1R* and Q2R*), and
continuous-phase en/decoders (Q1C, Q2C, Q1C* an@*Q2ZI'he designations and
parameters of discrete-phase en/decoders and rgaxaifle-phase en/decoders are the
same as those described in Section 5.5.

The Bragg wavelength, index modulation, chip lengtid total length of continuous-
phase en/decoders (Q1C, Q2C, Q1C* and Q2C*) amentively 1550.5nm, 2.2x%p
2.5mm and 40mm, which are the same as the parar@feliscrete-phase en/decoders
and reconfigurable-phase en/decoders shown indestb.

The continuous-phase en/decoders are also faldtiaztg the continuous grating
writing technique [36], which uses a phase mask wituniform pitch and relies on
precise control of the position of the fibre relatito the phase mask to achieve gratings

with complex profiles. The effective dc refractivelex variationg,, in the continuous-
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phase en/decoders is achieved by chirping the Bvaayelength,,, (according to the

%ndc). From the dc refractive index distribution in tooous-phase

B

equationm, =

encoders Q1C and Q2C (shown in Fig.6.2), the Braggelength variations along them
are calculated and shown in Fig. 6.8.

3 (a) Distribution of 8i, along Q1C

0 10 20 30 40
Length (mm)
3 (b) Distribution of 51, along Q2C
m 02
<
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0.0 | ! I | ! I ! | I ! I I
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Fig.6.8 Bragg wavelength variations of (a) Q1C &)dQ2C.

y (10dB/div)

_ Reflectivit

550.0 1550.5 1651.0

y (10dB/div)

_ Reflectivit

1551.0

1550.5
Wavelength (nm)

Fig.6.9 Measured (solid lines) and simulated (dddimes) reflection spectra of continuous-phase
encoders (a) Q1C and (b) Q2C.

Shown in Fig. 6.9 are the measured (solid lineg) @imulated (dashed lines) reflection

spectra of continuous-phase-encoders Q1C and QB&eTis clearly good agreement
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between the measurement and simulation resultsugththe grating structures are very
complex. Note that the reflection spectra of camtins-phase-encoders Q1C and Q2C are
almost the same as those of reconfigurable-phaseders Q1R and Q2R (shown in
Fig.5.15). This is due to the fact that they areigiged to have the same spatial phase
distributions. If we compare the reflection spestrof Q1C (or Q2C) and Q1D (or Q2D),

it is evident that, for the same nominal addresdecdhe reflection spectrum of a
continuous-phase-encoder (or reconfigurable-phaseeker) has narrower bandwidth
than that of a discrete-phase-encoder and thatsitnhuch lower spectral features away
from the main band, which could assist its use \WM2M configuration.

6.4.2 Systems using continuous-phase encoders arataolders

In the first system test, we use continuous-pltEseces as both encoders (Q1C and
Q2C) and decoders (Q1C* and Q2C*). The experimesgtlp is similar to that shown in
Fig.5.16. A gain-switched semiconductor laser djaxeerating at 1550.5 nm, generates
~5 ps pulse sequences with a repetition rate ofN8diz. This pulse train is split by a
3dB coupler into two parts, each reflected from ¢batinuous-phase encoders Q1C and
Q2C respectively, and then combined by another Quipler. A fibre delay line controls
the timing of the signals from the two encodingtmpgs. Then the combined signal is
reflected from the continuous-phase decoders QIC®2C*. The decoded pulses are
detected using a 20GHz photodiode and fed intatastampling oscilloscope.

The measured encoding pulses by Q1C and Q2C avenshd-ig.6.10. The measured
decoding pulses (auto- and cross correlation)thilerdecoders Q1C* or Q2C*, are shown
in Fig. 6.11. The measured RPCA is ~20%.

We also measure the system using the discrete-phiaseders (Q1D, Q2D) and
decoders (Q1D*, Q2D*) and the results are showhign6.12. In this case, the measured
RPCA is also ~20%. By comparing the RPCA, we cantbat the systems using the
continuous-phase encoders and decoders exhibihikaisperformance as that using the
discrete-phase encoders and decoders. The advardagentinuous-phase devices are
that they have a more relaxed requirement in theoding input pulse width and
therefore will occupy a narrower bandwidth. This lsdready been analysed in Section
6.3.3.
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Fig.6.10 Measured encoding pulses by Q1C and Q2C.
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Fig.6.11 Measured decoding pulses (auto- and a@msslation) when the encoders are Q1C and
Q2C, the decoder is Q1C* or Q2C*.
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Fig.6.12 Measured decoding pulses (auto- and @asslation) when the encoders are Q1D and
Q2D, the decoder is Q1D* or Q2D*.
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6.4.3 Systems using continuous-phase encoders ardanfigurable-phase decoders

The continuous-phase devices are designed to mé#teh phase profiles of
reconfigurable-phase devices. Here, we measursytem using the continuous-phase
devices as encoders (Q1C, Q2C) and reconfigurdidsg devices as decoders (Q1R*,
Q2R*), (Fig.6.13). The input pulse width is alsops5The measured RPCA is ~23%. In
Section 6.3.2, we have demonstrated by simulatiah ¢ontinuous-phase encoders can
match better with reconfigurable decoders compuangdthe discrete-phase encoders.

Continuous-phase encoders: Reconfigurable-phase decoders

Q1C: Q2R* Q2C: Q2R*

Intensity (a.u.)
IIIIIIIII|IIIIIIIII

400 800 _ 1200 1600 2000
Time (ps)

o

Fig.6.13 Measured decoding pulses (auto- and ctosslation) when the continuous-phase
encoders (Q1D and Q2D) and reconfigurable-phasedd#e¢Q1D* or Q2D*) are used.

6.5 31-chip, continuous-phase OCDMA en/decoders

6.5.1 Device parameters and characterization

From the familyA sequences, four 31-bit quaternary codes P1, P2and3P4 are
chosen, as shown in Fig.6.14. With these code segse four continuous-phase
encoders are designed based on the single-phasbulisn shown in Fig.6.1. The chip
length is still 2.5mm, and therefore, the totalggnof FBG en/decoders is 77.5mm. The
resultant dc refractive index variations of 31-chgntinuous-phase encoders P1, P2, P3

and P4 are shown in Fig.6.15.
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Fig.6.14 Quaternary code sequences (a) P1, (cPR3 and (d) P4.
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Fig.6.15 dc refractive index variations of continagphase encoders (a) P1, (b) P2, (c) P3 and (d)
PA4.

The continuous-phase en/decoders P1l, P2, P3, P4,R2%, P3* and P4* are
fabricated using continuous grating writing tecluag. The effective dc refractive index
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variation,sn,_, is also achieved by chirping the Bragg wavelenBthannealing the FBGs

after fabrication, the index modulation of all teeSBGs are controlled to be ~1.0%10
and their peak reflectivity is less than 50%.

Shown in Fig. 6.16 are the measured (solid linex) aimulated (dashed lines)
reflection spectra of continuous-phase-encodersA21,P3 and P4. The measurement
roughly agrees with the simulation result, althoutpe grating structures are very
complex. As shown before, the reflection spectrahef continuous-phase encoders (or
reconfigurable-phase-encoders) are narrower thasetlof the discrete-phase encoders
with same nominal code sequences. The 20dB bankwidihe reflection spectra of the

31-chip en/decoders is less than 0.4nm.

(a) P1

o
WAl o
it Y g

{ l I

Reflectivity (10dB/div)

1561.0 1561.2 1561.4 1561.6
Wavelength (nm)

Fig.6.16 Measured (solid lines) and simulated (ddslnes) reflection spectra of continuous-
phase-encoders (a) P1, (b) P2, (c) P3 and (d) P4.

We also fabricate 31-chip reconfigurable-phase derby putting 30 tungsten wires
2.5mm apart along a uniform FBG with a length of5iim. The diameter of tungsten

wires is 5um. By varying the electrical currents passing tigtothe tungsten wires, the
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phase codes on the FBG could be controlled. Theeptastribution in a reconfigurable-
phase en/decoder is the same as that in a consmlmase en/decoder for the same
nominal code sequence. P1R, P2R, P3R and P4R a@d s designate the

reconfigurable-phase encoders with code sequeridek, 2, P3, and P4 respectively.

6.5.2 Device performances

Correlation performances of the 31-chip contussphase OCDMA en/decoders are
measured using a 50ps optical pulse train as thet.inn the measurement, the central
wavelength of input optical pulses is tuned to ¢hatral wavelength of the en/decoders.
Shown in Fig. 6.17 are the measured autocorrelatitih P2*, P3: P3*) and cross-
correlation pulses (P2: P3*, P4: P3*) when botheheoders and decoders are fixed-code
continuous-phase devices. Shown in Fig. 6.18 aeenteasured autocorrelation (P2:
P2R*, P3:P3R*) eye diagrams when the fixed-codetionous-phase encoders and

reconfigurable-phase decoders are used.

200.0 ps/div T 63.6981 ns 200.0 psidiw + 66.6121 n=

(a) P2:P2* (b) P3:P3*

200.0 psidiv + 67.5101 n3 200.0 ps/div 66,1481 ns

(c) P2: P3* (d) P4:P3*

Fig.6.17 Measured autocorrelation pulses (a) P2: 2 P3:P3* and cross-correlation pulses (c)
P2: P3*, (d) P4: P3*
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200.0 ps/div T 63.3869 ns

(a) P2: P2R* (b) P3:P3R*
Fig.6.18 Measured eye diagrams for (a) P2: P2Rt,(aphP3:P3R*.

200.0 ps/div T 62.8589 ns

6.5.3 A 16-channel OCDMA/DWDM system

Based on the 31-chip continuous-phase and recoafifpiphase OCDMA
en/decoders described above, a 16-channel OCDMA/DWBystem has been
demonstrated. The setup is shown in Fig.6.19. Eaulasers with a channel spacing of
0.4nm are combined and fed into an electro-absmrpthodulator driven at 5GHz,
generating four 5GHz, 50ps WDM pulse trains. Thé&sgurains are modulated using a
LiINbOs; intensity modulator to obtain a data with a bteraf 625Mbit/s. The modulated
pulses are then reflected from an array of 16 ooptis-phase encoders to generate
encoding data from an effective 16 users. The esrsodrray is composed of four
different codes (P1-P4), each code being repeate@ach of four different central
wavelengths X1 to A4). All 16 coded channels are combined togetheorptd
transmission, amplification and detection. At tleeaiver end, a fixed-code continuous-

phase or a reconfigurable-phase decoder is used.

For each single OCDMA decoder, twelve out-of-bahdmmels are filtered out due to
the inherent wavelength selectivity of the decodgngting. Of the remaining four in-
band channels, only the code matched to the degoglinting generates a distinct
autocorrelation peak, while the other three unnedathannels produce cross correlation
signals. Error-free performance is achieved forth#ise channels using the 31-chip
continuous-phase or reconfigurable-phase OCDMA dexo The details of the system
performance are reported in [156].

This system exploits the narrow-bandwidth charasties of continuous-phase
en/decoders. For the same nominal address cdaeseftection spectra of continuous-
phase en/decoders (or reconfigurable-phase en/dexodre narrower than those of

discrete-phase en/decoders. If discrete-phase arddes are used [157], WDM with 0.4
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nm wavelength spacing is impossible because thewidth for the discrete-phase

en/decoders with the same code sequences is muehtham 0.4nm.
P1 M A2 A3 M

Tunable Laser
A=1559.0nm

1/8 Data
Pattern

Decoding
Grating

Tunable Laser
A2=1559.4nm

Tunable Laser S Output
A3=1559.8nm

Tunable Laser

A=1560.2nm

P4 A A2 A3 M

Fig.6.19 Experimental setup for thech@nnel OCDMA/DWDM system [156].

6.6 Conclusions

We have proposed and demonstrated a novel OCIeNMAecoder with a continuous
phase-distribution based on FBGs. The phase profitais device is designed to match
that of a reconfigurable-phase en/decoder accyratelit inherently suits the application
in reconfigurable OCDMA systems.

We compare OCDMA systems with three differenbfigurations: (a) discrete-phase
encoders and decoders, (b) discrete-phase encationtinuous-phase decoders, or (c)
continuous-phase encoders and decoders. Configurét) has the best performance,
although only marginally when compared with (c),lelconfiguration (c) has a far better
performance over (b) due to the complete phasefmagcConfiguration (c) can also be
achieved with the capacity of dynamic reconfigunatsince the reconfigurable-phase
devices have the same phase distribution as cantsaphase devices. Furthermotiee
continuous-phase en/decoders have a narrower bdiideompared with conventional
discrete-phase devices with the same nominal ceqeesices. Therefore, they are more
tolerant to input pulse-width and have the advamtaigobandwidth saving.

Continuous-phase, reconfigurable-phase, andedesphase en/decoders are fabricated
and their performances are tested and compared 1%-ehip OCDMA system. In
addition, we built 31-chip continuous-phase and ondéigurable-phase OCDMA
en/decoders, through which a 16-channel OCDMA/DW§BJ¢tem with a WDM channel
spacing of only 0.4nm was demonstrated. This systgpioits the narrow-bandwidth
characteristics of the new continuous-phase enftbrso
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Chapter 7

Dispersion tuning of fibre Bragg gratings

using the S-bending technigue

7.1 Introduction

Compensating chromatic dispersion in fibre esys using chirped fibre Bragg gratings
(CFBG) is one of the most important applicationgBfs [71]. Compared with
dispersion compensating fibre (DCF), a short CFBGIat provide a large amount of
dispersion. Another advantage of CFBGs is theialbiiity, because the Bragg
wavelengths of FBGs are sensitive to, and can bheated by temperature or strain.

If a variable linear temperature or strain fieldpplied along a linearly chirped FBG,
the FBG will still have a linear chirp in its pitchut its bandwidth and therefore
dispersion can be controlled by the applied tentpegaor strain gradient. A variable
linear temperature field along a grating can baeadd by controlling the temperature at
both ends of the grating [158], and a variabledimgtrain field can be produced by using
the S-bending technique [159], which is the togithes Chapter. By embedding a
chirped FBG in a uniform beam and bending the bimeam S-shape, a variable linear
strain gradient is produced and applied along 8@ Fand the grating dispersion can
then be controlled.

This Chapter is organized as follows. In Sectidh dispersion in fibres, dispersion
compensation and dynamic dispersion compensatabmigues based on chirped FBGs
are reviewed. In Section 7.3, the S-bending tecleig analyzed and dispersion tuning
devices based on S-bending are described. Bas8ebending techniques, two novel
devices, including a tunable dispersion compensaitbran enhanced dispersion tuning
range and a tunable pure dispersion slope compensae reported in Section 7.4 and
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7.5 respectively. Applications of tunable dispensiio controlling the pulse width of a
soliton fibre laser are demonstrated in Section 7.6

7.2 Dispersion, dispersion compensation and dynamdispersion

compensation

7.2.1 Dispersion in optical fibres

The variation of refractive index with frequgrmonstitutes the phenomenon of
dispersion [160]. For a single mode fibre waveguitle propagation characteristics are
determined by the mode propagation constant, sdifipersion of the fibre can be
defined to be the variation of propagation consvattt frequency.

The total dispersion of single mode fibresesifom two mechanisms [161]: material
dispersion and waveguide dispersion. Material d&pa occurs because the mode
propagation constant is related to the refractiddces of the core and cladding materials,
which are dependent on frequency. Waveguide digpeis due to the fact that the mode
confinement in a waveguide causes its mode promagednstant to depend on
frequency.

In mathematics, the mode propagation conssaot can be expanded into a Taylor

series at the central frequengy[162],

B =@ = 5, + f(w=@) + 5 A (@= @) +2 f(w= @) +T (7.2)
where
_(d"B _
ﬂm_(dij (M=0,1,2,3, ... (7.2)

The first three parametess g, andg, are respectively group delay parameter, group
delay dispersion (GVD) parameter, and third ordgpersion (TOD) parameter. Their
units are ps-kih pg-km*, and p&-kni*respectively.

The group delay, for a light pulse propagating along a unit lengtfiibre is the
inverse of the group velocity. Hence [161],

1. 1 _d8

=4, (7.3)

TV, dwdB  dw

The unit of group delay, is ps-kn.
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The group delay dispersion or second order dispeysi, is given by the derivative of
the group delay with respect to the vacuum wavelengas:

__c_0d2,3:_2713,6,2. (7.4)

_drg
T dd A de? b

2

In the second equality, Eq. (7.3) and the relatior - ;m

dw are used. The unit of

second order dispersianis ps-nrit-km.
The third order dispersion or dispersion slgpeas used to characterize the variation

of the second order dispersion with wavelengthraagt be written as,

db _ (2m) d°g  4mcd’g _ (2m) 4mc
s="2 = + = + . 7.5

dA A dw® A dw? PR RN (7:5)
/12
2ic

In the second equality, Eq. (7.4) and the relation-—dw are used. The unit of third

order dispersioB is ps-nrit-km™.

Usually, if the group velocity of the propagatiight is an increasing function of the
wavelength, the dispersion is said to be normad[16onversely, if the group velocity is
a decreasing function of the wavelength, the d&paris said to be anomalous dispersion.
So, if D<0(B, >0), we say that the fibre operates in the normaletsion region, and if
D>0(p, <0), we say that the fibre operates in the anomadisgersion region.

In fibres, RDS is defined as the ratio of dispen slope to second order dispersion at

any given wavelength. The dispersion-related parars®f some commercial

transmission fibres are shown in Table 7.1 [163].

Table 7.1 Dispersion parangetégrcommon transmission fibres

Dispersion Dispersion slope| RDS
(ps-nmt-km™) | (ps-nnif-km?)
@ 1550nm @ 1550nm

Standard SMF | 17 0.058 0.0034
LEAF 4.2 0.085 0.0202
True Wave-RS| 4.5 0.045 0.0100

- 105 -



Chapter 7 Dispersion tuning of fibre Bragg gratings using the S-bending technique

7.2.2 Dispersion effects and compensation technicgie

When an optical pulse transmits in fibres, thudispersion, different spectral
components of the pulse will transmit at a différeglocity and, as a result, the final
pulse shape will be different from the original one

Neglecting the fibre loss and nonlinear effectsl ennsidering the second and third
order dispersion, the transmission equation obtecal pulse in a single mode fibre can
be derived to be [162],

UT) B ouET), i
0z 2 0T’ 6

0°U(z,T)

e (7.6)

Bs

where,U(zT) is the normalized amplitude of the optical puBg.the Fourier theory, this

equation can be transformed into the frequency dama
U (z, w) =U (o a))ex;{Lz B’ ZJ ex;{Lﬁ L.’ z} (7.7)
where,U(z,w) andUu(0,w) are the Fourier transform of(z T) andu(o,T) respectively.

According to Eq. (7.7), we can regmxl{L2 ,BzafzJ andeXL{L6 ,BgafZJ respectively as the

transfer function of second order and third ordspersion of single mode fibres.

In a high-bit-rate transmission system, theademing of optical pulses due to second
and third order dispersion is a limiting factor.igIs due to the fact that the broadening
of the optical pulses makes reconstruction of tdmes’ and ‘zeros’ in the data sequence
less certain, leading to errors. From Eq. (7-7) case see that the dispersion tolerance is
roughly proportional to the inverse of the squdréhe bit-rate. Usually, the amount of
residual dispersion one can accommodate is ofrither @f 1000ps/nm for 10 Gbit/s
systems, and only of the order of 60ps/nm and 4p$don 40Gbit/s and 160Gbit/s
systems respectively [164]. Practical transmiséiores have a small, but nonzero,
dispersion slope. In high-bit-rate, multiple-chahnoe long-haul transmission systems,
the third-order-dispersion must also be considareticompensated.

Single mode dispersion compensating fibres (SM-D&E)widely used to compensate
the dispersion in fibres. Transmission fibres uisuzdve a positive dispersigb > 0), SO,
SM-DCFs, which exhibit a negative dispersion thiotigeir special waveguide structure,
are widely used to cancel the positive disperséman all-fibore device, SM-DCF is

inherently broadband, and has low loss and lowunafermity. The RDS value can also
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be designed to cancel the dispersion slope of#émsmission fibre simultaneously.
However, SM-DCF has some disadvantages. Firstly.C8NF with a length of 1km can
only compensate the dispersion of 8~10 km stan88#8. Secondly, the loss of SM-
DCEF is relatively high & = 0.5dB/ km). Thirdly, the SM-DCFs, especially those with a
high RDS value, have very small effective areasclvivill decrease the input power
threshold for nonlinear effects.

Various other techniques have been developed tie\acdispersion and dispersion
slope compensation. They include higher-order-naisigersion compensation fibres
(HOM-DCF) [165-166], virtually imaged phased arrgy$PA) [167-168], planar
waveguide Mach-Zehnder lattice filters [169-171§nar waveguide ring resonator all-
pass filters [172-174], and Gires-Tournois etalthpass filters [175-176].

7.2.3 Chirped fibre Bragg gratings as dispersion copensators

Ng AL

Fid 'Schematic of a chirped FBG.

Chirped FBGs, with an increasing or decreasing gragvelength along the length,
are also very useful for dispersion compensatian.7/FL shows a schematic of a chirped
FBG with a length of , and the shortest and longest grating pexiaghd A, correspond
to the Bragg wavelength,and A, respectively. The chirp bandwidthag= 4 - A, .

The reflection time delay from a chirped grating iinction of wavelength. Light
entering into a linearly chirped FBG (LCFBG) suffex time delay

r(1)= ((jL _—/1155)) Zn;” L A <A<A) (7.8)

wherecis the light speed in the vacuum. The dispersiotheflinearly chirped grating is

D(A):d;g/‘):(/‘Lf/‘s)znz“L Q. <A<A) (7.9)

For a second-order nonlinearly chirped gratihg,time delay is,

_ (/1_/15)2 2neffL <)<
r(/l)_(/]L_/]S)Z : A <A<A) (7.10)

and the resultant dispersion is,
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_dr(a) _ 2(A-4,) 2n,L

D) A (1 -A) ¢

@s<A<4) (7.11)

The time-delay characteristic of a linearlysecond-order nonlinearly chirped FBG is
shown in Fig 7.2. Chirped FBGs have the followitgmcteristics as dispersion
compensators. Firstly, the time delay, and dispersf a chirped FBG scale with the
grating length. Therefore, a long grating is neeecbmpensate a large dispersion.
Secondly, a chirped FBG can compensate positiveegative dispersion, depending on
which end the light is incident from. Thirdly, aigted FBG with a higher-order chirp
can compensate higher-order dispersion, but italgib exhibit lower-order dispersion.
For example, the FBG with a second-order nonlimbap will exhibit third order and
second order dispersion simultaneously. This iaibse the time delay of any chirped
gratings can only change monotonically with respet¢he wavelength [177]. However,
it is still possible to obtain pure higher ordespirsion by cascading several FBGs or by
using an SSFBG [76].

Time dela: Secon-order

_ ~nonlinear chirp
Linear chirp

A A, Wavelengtl

S

Fig.7.2 Time delay characteristics of FBG withree&r or second-order nonlinear chirp.

7.2.4 Dynamic dispersion or dispersion slope compsation using fibre Bragg
gratings

In a high-bit-rate transmission system, the digpertlerance becomes so small that
even a tiny variation in dispersion can severelluence the network performance. In
such a system, the amount of dispersion may vatiynia because of several potential
impairments [178]. Firstly, small variations in agatl power can result in an additional
phase-shift, which can modify the optimal dispensiap of the system. Secondly, a
dynamic reconfiguration of the network can chargetotal accumulated dispersion.
Thirdly, transmission conditions may change sinfpgause of environmental variations,
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such as changes in ambient temperature [179]. Tdreresystems operating at a high bit-
rate, such as 40Gbit/s or 160Gbit/s, will requiyaamic dispersion compensation.

FBGs have the unique capacity for dynamic disparsi@anagement in contrast to
conventional dispersion compensation fibres. Thalbility of dispersion arises from the
grating response to temperature or strain, whichbegn reviewed in Section 2.5.3.

In principle, there are two ways to implement aafole dispersion compensator using a
fibre Bragg grating: (a) a second-order nonlineatyped FBG (NCFBG) plus a
variable uniform strain or temperature field [188,(b) a linearly-chirped FBG (LCFBG)
or a uniform FBG plus a variable linear strainemperature field [159] [178][181-185].
The conceptual diagrams for these two configurateme shown in Fig.7.3.

Similarly, there are three ways to implement ahla dispersion slope compensator
using a fibre Bragg grating: (a) a third-order mogdrly-chirped FBG plus a variable
uniform strain or temperature field [186-187], éb¥econd-order nonlinearly-chirped
FBG plus a variable linear strain or temperatue&fior (c) a linearly-chirped FBG or a
uniform FBG plus a variable high-order nonlineaadjent strain or temperature field
[188-193]. The conceptual diagrams for configurations (a) @)dre shown in Fig.7.4,
and the conceptual diagram for configuration (gimsilar to configuration (b).

. A . A
Time Time <
delay - delay
A, Wavelengtl A, Wavelengtl
(a) A secon-order nonlinearly chirpe (b) A linearly chirped FBG plu
FBG plus a uniform field a linear field

Fig.7.3 Conceptual diagram of aaiyit dispersion compensator.
Dispersion Dispeision

A A
—

> = >
A, Wavelengtl A, Wavelengtl

(a) A thirc-order nonlinearly chirped FB  (b) A seconw-order nonlinearly chirped FB
plus a uniform field plus a linear field

Fig.7.4 Conceptual diagram of a dynamic TOD comptas
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A variable uniform strain or temperature fieluld be easily achieved, usually by
means of a uniform stretch/compression or a tentper@ontroller. But devices based on
a uniform field are always accompanied by a cemtealelength shift during tuning (as
shown in Fig.7.3 (a) and Fig.7.4 (a)), which is esidable for practical applications.

A variable linear strain or temperature fieldetatively easy to implement and its
advantage is that the central wavelength of FBGs dwt shift while tuning, as shown in
Fig.7.3 (b) and Fig.7.4 (b). A variable linear teamgture field can be achieved by using
two separate temperature controllers, each onideeo§the grating. A variable strain
field can be achieved using an S-bending tuningrtiee, the details of which will be
described in next section.

A high-order nonlinear strain gradient can beamed by bending a linearly tapered
beam and, a high-order temperature gradient cachieved through a series of divided
heaters. Both of these solutions are rather cowrelit

7.3 Dispersion tuning of fibre Bragg gratings by tle S-bending

technique

7.3.1 Basics of bending techniques

To introduce the S-bending technique, basid®ading [194] are described in this
sub-section.
A. Stress-strain relationship

The internal force acted per unit area is dalfestressand is given by:

_aF
dA

where g is the stressA is the cross-sectional area dnds the longitudinal force acting

o (7.12)

on the cross section.
Strainis defined as the change in length of a stressadtaral element divided by the
original length of the unstressed element. If tlteral behaves elastically, there is a

linear relationship between strain and stress,

£=2 (7.13)

where¢ is the strain ané is called the material modulus of elasticity (aung’s

modulus).
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B. Deformation in pure bending

Consideration of the beam subjected to purelingnshown in Fig.7.5, indicates that
the lower surface stretches and is therefore isio@nand the upper surface shortens and
thus is in compression. There is also a line onglaf zero stress, called the neutral axis
or neutral plane. In Fig.7.5, the dot-dashed lemesents the neutral axiigis the radius
of the bending beam, which is defined as the digtdetween the neutral axis and its
centre. The longitudinal strain in the beam is |[194
(R+y)[d6-RId6 _y

RdE R

wherey is the distance between a segmental plane antktiteal plane. Whewis zero,

(7.14)

the straire will be zero because it refers to the neutral @javheny is positiveg is
positive, which represents tension (tensile stramheny is negative,£ is negative,

which represents compression (compressive strain).

dé

Neutral axs

Fig.7.5 A beam subjected to pure bending.

C. Internal resisting moment

X
_ AN Neutral axi:

f dA

|72
dF(y, z) =

o(y, z)dA

Fig.7.6 Internal resisting moment.

As shown in Fig.7.6, the total internal momisrtL94]
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M = j ydF(y, z) = j yo(y, zZJdA (7.15)
Using Eq. (7.13) and (7.14), we can obtain
_E ¢ ,.._ EIl
M —@'[y —@ (7.16)

wherel = '[ y?dA is the second moment of area of the cross-seationt the neutral axis.
A

D. The curvature-bending-moment relationship

O

Fig.7.7 A deflected curve.

As shown in Fig.7.7, the instantaneous ragiiz3of a curvature is defined as
ds
-— 7.17
10 (7.17)
wheredsis the differential length of a circular as@and dé is the differential circular

R(z) =

angle. The differential length of a circular arc is

ds:]/1+[ﬂ] dz=dz (7.18)
dz

The approximation holds whep<< dz, which means that the shift in y direction is far

shorter than the beam lendth Furthermore, as the shift in y direction is shtré

differential angle is

detanH:ﬂ (7.19)
dz
Eq. (7.17) can the be rewritten as [194],
1 d?’y
- - 7.2
Riz) dZ (7.20)
or
d?y M
= 7.21
dz’ El ( )
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This is the differential equation of the deflectiurve. If the variation ofl with z is

known, then this equation can be integrated twocgite the deflectiorn

7.3.2 Stress distribution on an S-bending beam

y4 |D jMZ__
F% Ymax
Mlg : y F
L, |
I

Fig.7.8 The diagram of S-bending.

Shown in Fig.7.8 is the diagram of S-bendimgyhich two fixed ends could be
displaced vertically. The bending moment at poins Qiven by:
M=-FL,-2)+Fx=-FL, -22) (7.22)
wherelL; is the beam length along the z-direction. Usingnantum equilibrium and Eq.
(7.21), the following second-order differential atjon is obtained,

2
d’y 2F (L _Zj

z

dzz  El | 2

(7.23)

The slope of the beam curvature at the supp@mne must be zero and this point is

. . _ d
taken as reference for the vertical displacemeiath®imatically, they ar%g =0and
Z

y =0 atz=0. Applying this boundary condition to Eq.(7.23) g

oF (L, 1.,
y(z) = Eﬁzz——Zj (7.24)

El | 4 6

The vertical displacement between two endfi®fteamymax can be obtained by

applyingz=L, in the above equation, which gives,
_2F L

ymax - E| 12 (725)

Subsequently, the curvature equation of the dedtestructure is expressed as follows,

W(2)= 2= ifoL, 2 - 227) (7.26)

z

Using Eq. (7.14) and (7.20), the stress along danbis obtained as:
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e(2) = hFYem [ﬁ% - zj (7.27)

whereh is the distance between a segmental plane amkthteal plane. It clearly shows
that the stress is linear along the beam andgeatéhtre of the beam, the stress is zero.

7.3.3 Description of dispersion tuning devices

Fibre Fibre Bragg grating

Fig.7.9 Schematic diagram of the S-bending dispargining device.

Fig.7.9 shows the schematic diagram for the dispestsining FBG based on S-
bending [153]. The S-bending structure is compadedcomposite beam, a pair of
clamps and a translation stage. The composite leamde of two types of materials
with a massive difference in their Young’s modu{t50:1), and the two materials are
bonded together using a strong adhesive solutibas,Tthe material with a larger
Young’'s modulus essentially defines the neutras,axhile that with a lower Young’s
modulus embeds the fibre Bragg grating and rougpécifiesh. The two materials we
use here are, respectively, a hardened steel astgpIThe plastic should be flexible but
it needs to show sufficient hardness to resistntat®on caused by a moderate load. The
beam is firmly supported by a pair of clamps ireaf@ctly straight position and at equal
levels. Both of the clamps must be frictionlesemsure that no axial forces will act on
the beam. One clamp is mounted on a linear traoslatage that is oriented in a
perpendicular direction. The stage is driven meadly by a high resolution screw and
can be moved in either a forward or backward dinect

By embedding a fibre Bragg grating into the beamSébending, with a distance lof
from the neutral axis of the beam, the linear st be used to control the chirp and
therefore the dispersion of the FBG. A linearlyrpbd FBG, whose maximum and
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minimum Bragg wavelengths are respectivglgndA, , with a length of., is embedded

into the beam. At the idle state, the Bragg wavglelistribution along the FBG s,

Z
sige = As T (AL _AS)BI: O<z<lL (7.28)

A +A
Its central wavelength and bandwidth aréz—s andA_ - A, respectively.

As the beam is bent in an S-shape, according tetthes distribution described by Eq.

(7.27), the Bragg wavelength distribution along FBG will be,

AB@):[AS+(AL—AS}E}%1+a£g£:£¥

L
2
:@—aMS+QL—¢,quL+&mgf+2auL—@{f} 0<z<L (7.29)

where,

6hIL Oy

a=(-p.) T (7.30)

p. Is the photo-elastic constant, dnds the beam length.

If @ <<landA, - A, << A, the item concerning can be neglected. Hence,
AB(Z):(l_a)AS-'-(AL _AS_HAL +3€Ms)f :{I)

Therefore, the FBG is still a linearly chirped FB@er the S-bending, and the minimum
and maximum Bragg wavelengths of the FBG are résady,
Ay =A,(0)= A, —aA, (7.32)

B,min

Ao = A (L) =2, + A, (7.33)

B,max

Consequently, its central wavelength, bandwidth@isgdersion are respectively,

— AB,max +AB,min — AL +As

A =
Center 2 2 (734)
BW = AB,max _AB,min = AL - AS + ZaAS (735)
p = 2Nt 7.36
~ clBW (7.36)

In conclusion, by changing,, inthe S-bending structure, the FBG is still &y
chirped grating (as shown in Eq. (7.31)), with astant central wavelength (as shown in
Eq. (7.34)), while the bandwidth and dispersionlddae altered (as shown in Eq. (7.35)
and (7.36)).
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7.4 Tunable dispersion compensators with a wide tumg range

7.4.1 Device principle

Tunable dispersion compensators with a fixadreéwavelength are highly desirable
for optical communication systems. For temperaturéng, by applying a linear
temperature gradient along a linearly chirped FBith & fixed temperature value in the
centre of the grating, the reflection bandwidthiesidinearly with the temperature
difference between both ends, while keeping thérabwavelength fixed [158]. To
achieve dispersion-tuning using strain, while kadjxed central wavelength, the S-
bending tuning structure [159] is a good choice parad with other complicated
techniques [181-185].

As described in Section 7.3, using the S-beptiichnique, the dispersion of a linearly
chirped FBG can be tuned while its central wavetleng fixed. At the idle state, the
dispersion sign is dependent on the light inpugations. Although it is possible to invert
the dispersion sign or approach zero dispersiotihn®ys-bending tuning, it is not practical
because this requires a huge variation in the Bremyelength of the FBG [159].

Input { I I I I 1 11 7T593—— FBGA

[ITTT T T 1 I I I =l

~—
> Beam for S-bending FBGE

Outpu

FBG E FBG A FBG A+B

Time dela: Time dela: Time dela_ "
A A N

\
"\
(B
Y
[N
A
1
1
1
1

»

R Wavelength A, Wavelength

Fig.7.10 Schematic diagram tdi@able dispersion compensator.

To obtain a dispersion compensator with a tunimgeacovering positive, negative
and zero dispersion altogether, we propose a neMigtwation based on the S-bending
technique. As shown in Fig.7.10, it consists oftaeasng two identical linearly chirped
FBGs using a four-port circulator. At the idle stat produces zero dispersion because
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the dispersion sign of a chirped FBG changes vesipect to the input direction. Both
gratings are embedded parallel in one beam, wigosipe chirp directions in relation to
the stress gradient for a simultaneous S-bendmigdguand thus a stress gradient induces
opposite bandwidth variations for each gratingsfaswvn in Fig.7.10). The sign of the
combined dispersion is dependent on the displacediettion (i.e., the sign ofnay Of
the S-bending.

A similar design has already been demonstratedjwsihermal tuning technique [195].
The advantages of using strain tuning include itt@nsumes no power and it has the
potential to achieve a larger bandwidth tuning eang

7.4.2 Simulation of device performance

1557.0
150 |- _
1 1556.5 g
£
Ea I (@)
‘e 100 : 5
< L 415560 ©
i >
r [0
<
3
50 115555 @
m

0 ||||||||| [IEEEERREN] Lisiaaaag [INEERRREN] Liviviaiig [FERENEREN] 15550

0 10 20 30 40 50 60

Length (mm)
Fig.7.11 Parameters of thedrly chirped FBG for simulation.

In this section, a tunable dispersion compensaittr awide tuning range is simulated
based on the structure shown in Fig.7.10. Paramefdhe FBG for simulation are
shown in Fig.7.11. To alleviate the ripple in iglection time delay spectrum, the 60-
mm-long linearly chirped FBG is apodized by a hygodic tangent function [1]. Two
identical FBGs are embedded with opposite chirpaions in one uniform beam for S-
bending tuning, as the configuration shown in Ei07

The overall reflection and time delay spectrumhef dual-FBGs configuration are
calculated and are shown in Fig.7.12. At the itheées zero dispersion is obtained with a
3dB bandwidth of ~0.8nm. As the dispersion is +#6m or -400 ps/nm, the 3dB
bandwidth is ~0.6nm. Over the whole tuning rangenif+400 ps/nm to -400 ps/nm), its
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3dB bandwidth is more than 0.6nm, which is neededt$ application in a 40Gbit/s

system.
Ops/nm (idle state)
— — — -400ps/nm

0 — —— +400ps/nm 900

- 800
% 700 \8;
= I o
2 / S
2 RN o0 o
ia : %} ~ =
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-40 / , . 400

Fig.7.12 Simulated reflection and time dedagctra of the dual-FBGs configuration.
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Fig.7.13 Bragg wavelength disitibn along the FBGs under tuning.

Bragg wavelength distributions along the two FB@dar tuning (solid lines) are
calculated (as shown in Fig.7.13) and compared thitke at the idle state (dashed lines).
As the S-bending is applied, each grating expeegclinear stress gradient and
therefore a bandwidth variation, while the Bragg/@langth at the centre is fixed. In

addition, both FBGs have identical Bragg wavelengthations along the beam because

the same stress field is applied along the twargyat

Shown in Fig.7.14 are the variations of dispersiad 3-dB bandwidth of the device

with a dual-FBG configuration during tuning. The@mt of tuning is denoted by the
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Bragg wavelength shift at one end of the FBG. Qkierwhole tuning range, the 3dB
bandwidth is more than 0.6nm. The dispersion otdéndce with a dual-FBG
configuration is tuned from -400 to +400ps/nm, #éma&l corresponding 3-dB bandwidth

varies between 0.6nm and 0.8nm.
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Fig.7.14 Variations of the dispersion and 3-dB beidth of the device with a dual-FBG
configuration.
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Fig.7.15 Simulated reflection and time delay sgeofrthe single-FBG configuration.

For comparison, the reflection and time delay sjgect the single-FBG configuration
are calculated and are shown in Fig.7.15. At thee sthte, the dispersion value is
420ps/nm with a 3dB bandwidth of ~1.2nm. The disjper is tuned from 300ps/nm to
700ps/nm. For this single-FBG configuration, althblit is possible to achieve an even
lower value of dispersion, a very large bandwidhiation is required. Moreover, the
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insertion loss of the tunable dispersion compemsailbincrease with the decrease of
dispersion, which is undesirable for practical aggilons.

Shown in Fig.7.16 are the variations of the disjpereind 3dB bandwidth of the device
with a single-FBG configuration during tuning. Ov¥ke whole tuning range, the 3dB
bandwidth is more than 0.6nm. The dispersion tunamge is from 700ps/nm to
300ps/nm, while the corresponding 3-dB bandwidttiegafrom 0.6nm to 1.3nm.
Comparing Fig.7.14 and Fig.7.16, we can find thatdispersion tuning range of the
dual-FBG configuration is twice as wide as thathaf single-FBG configuration. Another
advantage for a dual-FBG configuration is thatutsing range covers positive, negative

and zero dispersion.
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Fig.7.16 Variations of dispersion and 3-dB bandtvidlt the device with a single-FBG
configuration.
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Fig.7.17 Variations of insertion loss for the sm§IBG @) and dual-FBG () configuration.

Shown in Fig.7.17 are the variations of insertiosslof the two configurations of
dispersion compensators. Over the whole tuningeafag the single-FBG configuration,
the insertion loss varies linearly with respecth® maximum Bragg wavelength shift,

while for the dual-FBG configuration, it is almasinstant.
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In summary, based on the S-bending tuning teclenigpe propose a new
configuration of a dispersion compensator. Its athges include a wider tuning range
around zero dispersion and a reduced insertionviamsation in the whole tuning range.

7.5 Tunable pure dispersion slope compensators

7.5.1 Device principle

Transmission fibres have a small but nonzero dgperslope (DS) (as shown in Table
7.1). In the next-generation ultra-high-speed @ptiansmission systems, for example at
a data bit rate of 160 Gbit/s, the dispersion slwplepose limitations to transmission,
and therefore must be accurately compensated [A&Bpugh most of the dispersion
slope can be compensated by using dispersion caapeg fibres with a carefully
designed dispersion slope, dynamic compensatistilisecessary to compensate the
residual dispersion slope because the tolerarse tight.

Tunable dispersion slope compensators coultth&ved by using a third-order
nonlinearly-chirped FBG plus a variable uniformegtror temperature field [186-187],
but for devices with this configuration, tuning tthispersion slope is always
accompanied by an apparent central wavelength sinidt therefore it is difficult for them
to dynamically compensate dispersion-slope in adiband transmission system.

Tunable dispersion slope compensators could alszhieved by using a linearly
chirped FBG plus a variable quadratic nonlineaistor temperature field [188-193].
For devices with this configuration, because tispelision (second-order) will also be
changed as the dispersion slope is altered, ati@uliseparate control of dispersion is
required to obtain a pure dispersion slope comp@msdn [190-193], the dispersion
slope is tuned by controlling a quadratic tempegatlistribution along a linearly chirped
FBG. An additional linear temperature distributisralso applied and controlled to keep
the dispersion constant as the dispersion slopeaisged. Moreover, to obtain pure
dispersion slope compensation, a fixed and linearnigped FBG or a DCF is cascaded
compensating the residual constant dispersionarithed FBG. In [189], the quadratic
strain field applied to a linearly chirped FBG mg@uced and controlled by bending a
linearly tapered beam in an S-shape. Because sperdion is also changed as dispersion
slope is tuned, another FBG with a tunable dispers cascaded to obtain pure
dispersion slope compensation.
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Fig.7.18 Schematic diagram of a tunable dispersiope compensator.

In this section, we will propose and demonstratewa tunable pure dispersion slope
compensator. It consists of two cascaded nonlipednirped FBGs of different types. As
shown in Fig.7.18, the two FBGs are embedded @aralith identical chirp directions,
in a uniform beam for S-bending. The light istfirsflected from the short Bragg
wavelength end of FBG A, and then reflected fromltng Bragg wavelength end of
FBG B. Finally, as the effects of FBG A and B aoenbined, a pure DS is produced,
since the second-order dispersion for the two FB@empletely cancelled. As FBG A
and B are tuned together, both DS and dispersiao(sl-order) are altered on each
single grating, but for the combined effects oftthe FBGs, only the DS is varied, since
the second-order dispersion from the two FBGsalllays be completely cancelled.
Therefore, one tuning structure is enough for alenpure DS compensation. Another
advantage is that, as the dispersion slope is fuhedentral wavelength is invariant,
which is due to the use of the S-bending technique.

Pure dispersion slope compensators, operating lmastds principle, have been
reported before [197-198], but their tuning capab#s not been demonstrated

At the idle state, the Bragg wavelength disttions of the nonlinearly chirped FBG A
and B are respectively,

AA,idIe (Z) =Ag + (AL - As)\/% (7.37)
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AB,idIe (Z) =A - (AL - As)\/% (7.38)

where, A and/s are, respectively, the maximum and minimum Braggelengths along
the FBGs, andl is the grating length. As shown in Fig.7.18, ia tascading
configuration, the light is reflected from the shBragg wavelength end of FBG A and
the long Bragg wavelength end of FBG B. At the islate, the dispersion (D) and
dispersion slope (DS) of FBG A and B are respebtjve

an. L _A-A
o=——[ S
Aidle C AL _AS (739)
an. L _A-A
o= —=0 L
B.idle C AL _AS (740)
DS, ,, =Rk 1 7.41
Aidle C D(AL —AS)Z ( . )
DS, , =Pk 1 7.42
B.idle C D(AL —AS)Z ( . )

and the dispersion (D) and dispersion slope (D$h®fdual-FBG configuration are
respectively,

— an,, L EFA _(AL +As)
idle c A -,

(7.43)

DS - 8neffL 1 7 44
idle C D(AL _AS)Z ( : )

A+ A
Eq. (7.38) and (7.39) show that at the central \tmgathLTS FBG A and B have

dispersion with an identical absolute value, bubpposite sign. Therefore, the overall
dispersion of the dual-FBG configuration cancelsptetely at the central wavelength
(Eq.(7.42)). Eq. (7.40) and (7.41) show that ttspdision slope of FBG A and B is
identical and their overall effect is a larger @isgpon slope (Eq.(7.43)).

The FBG A and B are then embedded paralitd identical chirp directionsn one
uniform beam. According to Eq. (7.27), as the FB@sbent in an S-shape, Bragg
wavelength distributions along FBG A and B are eespely,

)=+ - 2 e 28] (7.9
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AB(Z):{AL -(A, —AS)\/a [El—a(zzl__ ")} (7.46)

where, a is given by Eq. (7.30).

7.5.2 Simulation of device performance
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Fig.7.19 Parameters of FBG A and B for the tun&iflecompensator.

In this section, a tunable pure DS compemnsa simulated based on the schematic
shown in Fig.7.18. It is designed for dynamicalhmpensating the DS in a 160Gbit/s
transmission system, so an operation bandwidtharérthan 3 nm is required through
the tuning process. Parameters of FBG A and B figesimulation are shown in Fig.7.19.
To alleviate the ripple in its reflection and tielay spectra, both FBG A and B are
apodized by a hyperbolic tangent function [1]. RS A and B are embedded parallel
with identical chirp directions in a uniform beaor 5-bending.
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Fig.7.20 Simulated reflection and time delay speofrFBG A, FBG B and the combination of
FBG A and B. (The solid lines are for the idle staind the dashed lines are for a tuning state).

The reflection and time delay spectra of FBG A, FBGnd the combination of FBG
A and B are calculated and are shown in Fig.7.2@. Jolid lines are for the idle state,
and the dashed lines are results at a tuning statdyich the Bragg wavelength shift at
the ends of both gratings are ~1nm (as shown inF&&9 (a), (c) and (e)). As shown in
Fig. 7.20 (b), the light is reflected from the dhBragg wavelength end of FBG A,
experiencing positive second-order dispersion anddalitional DS. Similarly, as shown
in Fig. 7.20 (d), the light is reflected from tleng Bragg wavelength end of FBG B,

while experiencing negative second-order disperammhanother additional DS. Finally,
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as shown in Fig. 7.20 (f), when the effects of FB@nd B are combined, the second-
order dispersion is completely cancelled at theraéwavelength, and a pure DS is
produced. As FBG A and B are tuned together, Huwtsecond-order dispersion and DS
are altered on each single grating. But for thelmoed effects of two FBGs, only the DS
is varied since the second-order dispersion froantwo FBGs can always completely
cancel each other. At the idle state, the DS is/id with a 3dB bandwidth of ~3.4nm.
As the DS is tuned to 4.4ps/finthe 3dB bandwidth is ~4.7nm.

'] —— idle state

1560 :
E — — — after tuning

1558 E
1556 E

1554

1552 256 B

15505||||I||||I||||I||| TR
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Length (mm)
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0_0||||I||||I||
0 () 10

Fig.7.21 (a) Bragg wavelength and (b) chirp ragtriiutions along the FBGs.

Bragg wavelength and chirp rate distributions aldregFBG A and B are shown in
Fig.7.21 (a) and (b). The solid lines are for tile state, and the dashed lines correspond
to the same tuning state as in Fig.7.20. As ther@Hng is applied, each FBG
experiences a linear stress gradient, while thg@vaavelength at the centre of the FBGs
is fixed. In addition, both FBGs have identical @gavavelength variations (Fig.7.21 (a))
along the beam because the same stress gradaaglisd. As shown in Fig.7.21 (b), at
both the idle and tuning state, the chirp rateBGFA is symmetrical to that of FBG B
with respect to the centre of the FBGs.

Shown in Fig.7.22 (a) and (b) are the values of B®8B bandwidth and insertion loss

of the tunable DS compensator. The amount of tuigintgnoted by the maximum Bragg

- 126 -



Chapter 7 Dispersion tuning of fibre Bragg gratings using the S-bending technique

wavelength shift of the FBG. Over the whole tuniagge, the 3dB bandwidth is more
than 3nm. The DS of the device is tuned from 1Ip&to 3ps/nrf. The corresponding
3-dB bandwidth varies between 3.4nm and 5.6nmtlaadhsertion loss variation is less
than 1.5 dB.
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Fig.7.22 Calculated values of (a) DS, (b) 3-dB lvaidth and insertion loss of the tunable DS
compensator.

7.5.3 Device fabrication and characterization

FBG A and B are fabricated using the contirsugrating writing technique, and their
apodization profile and chirp distribution are aswn in Fig.7.19. At the idle state, their
reflection spectra are measured and are showrgii@.EB. For FBG A, the measurements
are taken from the short Bragg wavelength end fanBBG B, the measurements are
taken from the long Bragg wavelength end. Thisoissistent with the cascading
configuration of the tunable TOD compensator (aswhin Fig.7.18).
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Fig.7.23 Measured reflection spectra of FBG A and B
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Fig.7.24 Measured reflection and time delay spesfitae tunable DS compensator as the DS is
(i) 12ps/nm, (i) 4ps/nnd, or (iii) 3ps/nn.

The FBG A and B are then embedded parallel in formibeam for S-bending, as
shown in Fig. 7.18. To obtain a tunable pure DSm®amsator with a fixed central
wavelength, it is crucial to ensure that both FB@Gsput in the centre of the beam. The

reflection and time delay spectra of the tunablecD®pensator are measured using the
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modulation phase-shift method. The results are shawrig.7.24. At the idle state, the
DS is measured to be ~12psfaffhen, it is tuned until a DS of 3ps/hia achieved.
Over the whole tuning range, the central wavelengtiation is less than 0.1nm. The
peak-to-peak value of the group delay ripple indperating bandwidth is ~12ps.

Shown in Fig.7.25 are the measured DS and 3-dBvidtidl of the tunable DS
compensator. Asp,>0, the 3 dB bandwidth is more than 3nm. The amofihining is
denoted by the displacement,{y perpendicular to the beam for S-bending. The beam

length used in the experiment is 90mm.
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Fig.7.25 Measured values of (a) DS, (b) 3-dB badtwof the tunable DS compensator.

To apply this device in a practical high bite&tansmission system, the polarization
related effects need to be further investigatedRéh[153], the additional polarization
mode dispersion (PMD) and polarization dependesg (®DL) induced by the tuning has
been demonstrated to be very small in a wavelengting FBG filter based on the same
beam and a similar bending technique.

In summary, based on the S-bending technique alhlaFBG configuration, a
tunable dispersion slope compensator is proposed@monstrated. Its main advantage
is that a tunable pure dispersion slope is achiswda very simple tuning structure.
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7.6 Controlling the output pulse width in a fibre laser using a tunable
FBG

7.6.1 Device description and characterization

In this section, a linearly chirped FBG is uged laser cavity. By tuning the dispersion
of the FBG using the S-bending technique, the dysplse width of the fibre laser is
controlled.

A linearly chirped FBG, with a length of 20mimembedded in a uniform beam for
the S-bending tuning. At the idle state, the FBG &dandwidth of ~6 nm, centred at
1064nm, and the dispersion is ~33ps/nm. To acladaege dispersion tuning range, the
beam length for S-bending is ~65mm. As shown befehen the beam is bent in an S-
shape, the FBG still has a linear chirp, but itsdveidth and dispersion will be altered.

Shown in Fig.7.26 is the evolution of the transmisspectrum of the FBG as it is
tuned by using the S-bending technique. For alipehirped FBG with a particular
length and effective index modulation, the absolatiee of its dispersion is proportional
to its transmission loss in decibels [207]. Therefat each state, the value of dispersion
could be estimated from the corresponding transomsspectrum. As shown in Fig.7.26,
dispersion of the linearly chirped FBG is tunechire20ps/nm to ~55ps/nm.
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Fig.7.26 Evolution of transmission spectrum @& EBG under tuning.
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7.6.2 Controlling the output pulse width of fibre bsers

The configuration of fibre laser is shown igFi.27. Its principle is similar to the laser
in Ref [200-202]. A ytterbium-doped fibre is splitento a standard fibre connecting the
chirped FBG with a tunable dispersion. A 980 nmisenductor laser diode is used as
the pump source and a semiconductor saturabledadasmirror (SESAM) is used to
obtain pulsed operation [199]. The fibre laser apes in the soliton-supporting
dispersion regime, and is mode-locked by a saterabsorber, resembling a true soliton
laser. The length of the laser cavity is ~ 2 meams therefore the repetition rate of the
output pulses is measured to be ~52MHz. The digpeds the cavity is completely
regulated and can be controlled by the dispersidheochirped FBG because the length
of fibre in the cavity is very short.

98(C-nm pump (LD) inpt

-

Laser outpt
Yb fibre
[T TTII

Tunable FB( WDM SESAM

Fig.7.27. Configuration of the fibre laser.

The output pulses are measured using an auto-atmrddased on the second harmonic
generation (SHG) technique. As the dispersion efthirped FBG is tuned, the
autocorrelation traces of laser output are measamddare shown in Fig.7.28, and the
corresponding spectra are also measured and amnshd-ig.7.29. We can see that the
central wavelength of the laser shifts only veighgly during tuning. The two obvious
shifts in the central wavelength (at 21ps/nm anglsiam) are due to the fact that we
changed the beam length during the experiments.

Shown in Fig.7.30 is a fit of the measured autaadation curve to the theoretical
autocorrelation trace of a hyperbolic secant putssonfirms that the generated pulse
from the laser is indeed a soliton.
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Fig.7.28. Measured SHG autocorrelation trace asigpersion of the FBG varies.

1.0
M — A 33psinm
s — B - 20psinm
0 4 C - 95psinm
D - 43psinm
07 7 — E - 38ps/nm
g 0.6 — |- 21ps/nm
=g — K - 14psinm
g
0.4
0.3 -
0.2 -
0.0 f
1062 1064 1066 1068

YWavelength (nm)

Fig.7.29. Measured spectrum of the laser outptiie@slispersion of the FBG varies.
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Fig.7.30 Measured (solid line) autocorrelation éras the FBG dispersion is 14ps/nm. A sech fit
(dashed line) to the trace gives a FWHM pulse wifth.5ps.

From the autocorrelation traces, the output pwiskéhs of the laser are calculated and
summarized in Fig.7.31. It is apparent that th@oupulse width of the laser is
controlled by tuning the dispersion of the FBGstvorth noting that, in theory, the

pulse width scales wit{/ﬂ for this soliton laser [203-204].
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Fig.7.31 Output pulse width of the laser as theetlision of the FBG varies.

7.7 Conclusions

In this Chapter, we first review the dynamic digien and dispersion slope
compensation techniques based on a combinatioiffefet tuning mechanisms and
different FBGs. The topic of this chapter is theeéhding tuning technique, which can
effectively provide a variable linear strain figltbng an FBG. It special advantage is that
the central wavelength of the FBG is invariant whignlinear strain gradient along the
FBG is altered.
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The S-bending tuning technique is then used toldpue/o new devices: a tunable
dispersion compensator with a wide tuning rangeaapdre dispersion slope
compensator. Both of them are based on tuningraop&BGs embedded in a single
uniform beam. The advantage of using a dual-FBGigaration in a tunable dispersion
compensator is that it can provide a dispersiomtuaround zero dispersion. The
advantage of using a dual-FBG configuration, inrgable dispersion slope compensator,
is that it can easily achieve a tuning of pure elispn slope.

Based on the S-bending technique, we also demoasha application of a tunable

fibre Bragg grating in controlling the output puiselth of a soliton fibre laser.
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Conclusions and future work

8.1 Summary

This thesis is devoted to the development and egimins of new tunable fibre Bragg
grating devices. One part concerns the optical@kaglecoders for reconfigurable
OCDMA systems, and the other part describes thahlerfiore Bragg gratings based on
an S-bending technique.

8.1.1 Optical phase en/decoders for OCDMA systems

Spatial phase-shifts in a fibre Bragg grating ideluliscrete phase-shifts and (or)
distributed phase-shifts. If a short optical pusseeflected from a weak FBG, the spatial
phase of the FBG will be inscribed into the tempptase of the reflection pulse. This is
called temporal phase encoding. Therefore, FB@s avspatial phase distribution
following a particular address code could be usedmical phase en/decoders in a
temporal-phase-encoding OCDMA system.

In this thesis, we discuss three types of FBGsdh&seDMA en/decoders as follows:

(1) discrete-phase en/decoderaving discrete phase-distributions with fixedles,

(2) reconfigurable-phase en/decodelsving distributed phase-distributions with
reconfigurable codes, and

(3) continuous-phase en/decodénaving distributed phase-distributions with fixed
codes.

In addition, by simulation and experiments, we @smpare OCDMA systems with
three different configurations:

(a) discrete-phase encoders and discrete-phasdetsco

(b) discrete-phase encoders and continuous-phaseleles, and
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(c) continuous-phase encoders and continuous-esalers.

Configuration (a) has the best autocorrelation a&naiss-correlation performance.
However, configuration (c) has special advantagesdynamic reconfiguration and
bandwidth saving, considering that for the same inam code sequence, a
reconfigurable-phase device has the same phas#udiiin as a continuous-phase device
and a continuous-phase device has narrower bartdwadhpared with a discrete-phase
device.

In this thesis, the OCDMA system based on disgpése en/decoders is studied
from the viewpoint of fibre Bragg gratings, in whithe phase matching and mismatch
between encoders and decoders are used to exidamutocorrelation, cross-correlation
and their evolution under different device or sgst@arameters, including grating
strength, input pulse width, wavelength offsetpamimber and chip length.

We make three major advancements in the area agétwonfigurable OCDMA system,
which is one of the main topics for this thesisis#y, the pulse response method is
introduced to accurately characterize the thermaliiyiced dc refractive index variation
in an FBG. The characterization reveals compleferimation on the spatial phase
distribution of a reconfigurable-phase en/decodgich is crucial because it is the basis
for modelling, analyzing and designing of the rdapmrable OCDMA system. Secondly,
the structure of the reconfigurable-phase devigmoved so that it has a fast response
speed. The reconfiguration is demonstrated to kd®than two seconds. Thirdly, a new
continuous-phase en/decoder is developed. It hghase profile that matches the
reconfigurable-phase device accurately and, thexefohen used with a reconfigurable-
phase device, it provides a better performance thasystem using discrete-phase

encoders and reconfigurable-phase decoders.

8.1.2 Tunable fibre Bragg gratings based on the Seinding technique

An S-bending structure involves a uniform beaibth two supported ends. By
introducing a vertical displacement between the $wpported ends, a linear strain field
is formed, and its gradient is dependent on theusanof vertical displacement. In
addition, the strain at the centre of the beanwss zero as the displacement varies. If
a linearly chirped fibre Bragg grating is embedd#d the uniform beam for S-bending,
the variable linear strain field is applied on #®&G and thus the dispersion of the FBG

could be altered by controlling the vertical diggeent. The special advantage of tuning
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an FBG using the S-bending technique is that theraewavelength of the FBG is
invariant as the dispersion is altered.

In this thesis, new tunable devices are developyeshibedding a pair of FBGs in one
beam for S-bending. The FBG pair experiences thee sdrain field and, by cascading
the two FBGs, new tuning functions are achievdanly one single FBG is used for S-
bending, it is difficult to change the sign of déspion or achieve zero dispersion by
tuning. By using a dual-FBG configuration, the camalbion of the two FBGs will result
in a wide tuning range including zero dispersidronly a single FBG is used for
dispersion-slope tuning by S-bending, the dispersitthe FBG will also vary when its
dispersion slope is altered. By using a dual-FB@figaration, the dispersion of the two
FBGs has opposite signs and will always cancellenthe dispersion slopes of the two
FBGs have the same sign and can be added, resultingure dispersion slope
compensator. In this thesis, a tunable dispersimmpensator with a large tuning range is
designed for application in a 40Gbit/s transmissgstem, and a tunable pure dispersion
slope compensator is designed and fabricated faicapion in a 160Gbit/s transmission
system.

The application of an S-bending fibre Bragg graimgontrolling the pulse width of a
soliton fibre laser is also demonstrated.

8.2 Future work

8.2.1 Thermal tuning techniques

The thermal tuning structure used in the reigoméble-phase en/decoder is inherently
a distributed tuning technique, in the sense tajproperty of a sub-section of FBG is
only locally controlled by the tungsten wire inigedt contact. Owing to its high
flexibility, this distributed tuning technique hgeeat potential to provide complex
dynamic reflection spectra and therefore can delyfind applications in many other
areas, such as tunable dispersion or dispersipe slompensation [191] [205], and
programmable pulse shaping [206].

To obtain an arbitrary reflection spectrum fronuaable FBG, a dc refractive index
distribution with a complicated structure is regdir Sometimes, for example in the
reconfigurable-phase en/decoders or programmalide ghaping, the thermally induced
phase-shifts must be highly localized. We haveattarized the dc refractive index
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distribution as the diameter of wires is differaviore work is required to achieve a
localized thermal response for the FBGs. One piisgils to plate many minute metal
wires, using the micro-fabrication technique, oa BBG, since this will ensure a
compact contact and a good thermal conduction ketwee wire and the FBG. Another
possibility is to use a series of miniature tempggacontrollers instead of the simple
heaters on the FBG, so that the temperature istijireontrolled at each point of the
FBG [192].

8.2.2 Strain-tuning techniques

The S-bending tuning of fibre Bragg gratings ismapde but powerful technique,
which can easily provide bandwidth tuning, dispamdiuning or dispersion-slope tuning.
New devices and functions have been developedré&wark should be mainly focused
on demonstrating their applications in optical egst. The application in an optical
transmission system to dynamically compensate digpeor dispersion slope is
straightforward. An example of application in lasgstems has been demonstrated in this
thesis. The tunable grating is a fibre based dewtéch has a simple structure but can
achieve flexible and complex functions. These appaadvantages imply that in any
fibre system, if a dynamic bandwidth, dispersiomispersion slope is required, this S-
bending FBG device will always be the possible Soiu
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