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ABSTRACT

Fibre grating technology can be used to design faibdicate reflective filters with accurately corited
complex phase and amplitude responses and therelgl a powerful means to reshape short optickegsu
in both time and frequency. We review recent pregr@a the area and present various applicationsséad
primarily in the areas of all-optical coding ancdto@ing, and pulse retiming.
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1. INTRODUCTION

The capacity and speed requirements of communicaggstems is set to increase for the foresedatolie
and this will ultimately dictate that an increasiagiount of the routing and processing of optigghals is
carried out in the optical domain. As a consequéhere is great interest in the development of temliniques
to monitor and control the detailed shape and ptmseof both individual data pulses and data stieaboth
in terms of improving the fidelity of the data tsamission itself, but also to develop new opticalgassing
capabilities and subsystems. This is becoming ex@e important and demanding with the increaseer@st
in new modulation formats which require ever great:trol of both the amplitude and phase profidéthe
optical signals. In this paper we review progresshie use of superstructured fibre grating techmglavhich
offers a ready route to the production of optigkikfs with very precisely controlled phase and &mge
profiles and which can therefore be used to mdaiputhe properties of incident optical signals. A
superstructured fibre Bragg grating [1,2], is defl as a standard fibre grating, i.e. a grating &itrapidly
varying refractive index modulation of uniform antptle and pitch, onto which an additional, slowirying
amplitude/phase modulation, has been imposed atsrigngth (as illustrated schematically in Figaréor the
case of SSFBGs for optical code generation). Inlthe grating reflectivity limit, i.e. for which thdight
penetrates the full grating length, then the optfcequency response of the grating is given siniphthe
Fourier transform of the spatial refractive indegdulation profile of the grating. As a result thepe of the
impulse response (in the time domain) directlyofel the grating refractive index superstructuretliim spatial
domain). SSFBG technology thus provides a routen&p spatial information directly into the temporal
domain. The precision with which the superstrucptase and amplitude profiles can be written ustate of
the art grating facilities allows for very fine cdaccurate control of the superstructure profild #rus great
control of the SSFBGs spectral phase and ampliteflectivity. Consequently, if one knows the phasel
amplitude of some incident pulse to the grating and has a target reshaped pulse in mind e.gtangdar
pulse for example, then one can readily deterntieecomplex spectral reflectivity of the SSFBG reqdito
obtain the necessary pulse reshaping. Given theréml fibre compatibility, and potential for lowstpthis
provides a very convenient and powerful way of egghg pulses in fibre systems.

To illustrate the sort of functionality that thesemponents enable we will focus within this paperjust two

applications — the encoding and recognition ofagtcodes, and the retiming of optical sighalsé¢aample of
where gratings can be used to enhance the perfeeraran optical switch based on the use of sthtkesart,

dispersion managed, high nonlinearity fibres). Hasveit is to be appreciated that such devices baea used
to enable a far broader range of applications tis including pulse repetition rate multiplicati¢8], 2R-

regeneration [4], pulse generation and compresi&ihndata format conversion [6], through to moreotax

applications such as Optical Fourier TransformafOfT) [7]. We hope to have time to touch moreyfuh

these other applications in the associated prets@mta

2. Useof SSFBGsfor Optical Code Generation and Recognition

Optical code/header generation and recognitiorregaired in a number of network concepts includioth
Optical Code Division Multiple Access (OCDMA) andgket switching. OCDMA is a spread spectrum
technique similar to that that has been appliedh wiich great success in wireless communicatiorersgst
CDMA techniques allow a large pool of users to shthe same transmission bandwidth. Each individeat,
or sub-group of users, is allocated a specific eskl(code) that can be used to label bits thaeittrer to be



transmitted to the user, or to be transmitted leyuker. The optical encoding is ordinarily perfodnegher in
the time domain (direct sequence DS-OCDMA), orhia frequency domain (frequency-hopping FH-OCDMA).
Hybrid (also called two-dimensional or frequencypimg) approaches have also been demonstratedSin D
OCDMA each data bit to be transmitted is definedabgode composed of a sequence of individual pulses
referred to as chips. Coded bits are then broaacastthe network and will only be received by sdeaving a
receiver designed to recover data bits encoded tih specific address. A variety of technical agjghes to
the coding/decoding process have been demonsti@iggte including those based on spreading puisései
time domain using for example arrays of fibre déiags, planar lightwave circuits, liquid crystaded spatial
light modulators, or arrays of fibre gratings. Retg however superstructured fibre Bragg gratiSgEBG)
technology has emerged as an attractive and hitgxiyple route to produce high performance and ipiadly
low-cost optical coders and decoders for DS-OCDMA.
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Figure 1 Principle of the SSFBG based code generation aedtidm

Coded pulses are generated as shown in Figure feflacting the data from an SSFBG with coding
information written into the superstructure prafilEhis can be either a phase or an amplitude epeglo
depending on whether the code is to be phase- pfitane-shift keyed [8]. Code recognition is obtainby
matched filtering the resulting coded signal usindecoder grating with the time reversed (conjygatpulse
response to that of the encoder grating. Such gmulga response is readily obtained using a gratiitiy a
spatially reversed superstructure profile relativethat of the encoder grating i.e. by using a iggawith
exactly the same refractive index profile as theoeer grating and illuminating it from the otherdetwWhen
the encoder and decoder gratings are correctlylmdtthe matched filtering process results in theegation
of a pulse in the time domain that has the sampesha the code’s autocorrelation function. In thetance
that an ‘incorrect’ matched filter is used i.e.ate corresponding to another user of the systeenptitse so
generated has the shape of the cross correlatidheofwo codes. Obviously, to get good operatibthe
system it is important that each user is able liably recognize data bits encoded with his patticeode, and
does not mistakenly receive bits intended for otisars. To achieve this it is necessary to redtreeallocation
of code sequences only to a subset of all possiblle sequences that have both distinct well-defined
autocorrelation characteristics, (i.e. a singlel wefined peak with a width of order the chip dimaj, and
mutually low cross-correlation characteristics. eTidentification of suitable code sets has receinagtth
attention in the context of mobile communicatiomsl a&ode sequences such as the M-sequence, Gold and
Kasami code sequences can be generated usingstetdbiathematical procedures. Such code sequlkaces
been used extensively in the radio communicatimds and many of these coding schemes can alappied
to the case of OCDMA systems.

In terms of the technology, SSFBG encoders withn laohplitude and up to 4-level phase shift keyingeha
been demonstrated, with code length of up to 5lip<tat chip rates of up to 640 GChip/s) [9]. Catrevork
is now focused more on assessing the system pexfa@nof such devices. For example, we have recently
demonstrated a 16 user 4 x OCDMA/4 x WDM systenhwill channels spaced on a 50GHz ITU grid [10].
Note that this system also incorporates a tunabBleB& decoder comprising an array of fine heatingesvi
along the grating length to induce local thermaihduced phase shifts and which allow full code
reconfiguration with a ~2s reconfiguration time JJ1and exploits the use of distributed rather tkadmupt
grating phase shift codes to allow the dense wagttechannel spacings [12]. In Figure 2 we presanbus
plots highlighting the main performance charactessof this system. As can be seen error freeopmidnce
was achieved for the case of 16 simultaneous udkrs important to note that the decode SSFBGs
simultaneously perform both code recognition andmM\demultiplexing functions in this system.
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Figure2 (a) Detection signal for code P3 on wavelength nhba in the presence of code p3 on the 3 otheeleagth channels (b) Detection
signal in the presence of all other 15 channejsSpectrum corresponding to time domain signal((§)BER data for differing numbers of
system users showing the impact of multiple adcgsgference noise.

3. TIMING JITTER REDUCTION

The reduction of timing jitter is likely to be anssential function within future high speed optical
communication systems. Previously, we have dematestiretiming schemes based on the use of squisespu
generated using SSFBGs (in conjunction with NOLBrdi switches [13]), and have now shown capable of
operating at data rates as high as 160Gbit/s [Héle we demonstrate an alternative approach ekmoit
parabolic pulses [15]. The generation of parabulilses is significant from a nonlinear processiagspective
since these pulses generate a strictly linear chirger the influence of both Self Phase and Créss®
Modulation (SPM and XPM respectively) offering aga number of device opportunities ranging fromspul
compression through to OFT.

0 T
fl 1
. HNLF T 10 THi
=~ 220m & 4 | f,' 1,
g !& t z AR A
€D) g 0] \l'-“" T
2 ik iy
-40 ,\ \ LT
[[Rdi ) i i'\
10GHZ 50 I\I I I |
EFR 1538 1540 1542 1544 1546
1 Wavelength[nm]
1 Ao=1542nm
v

Pulse 1.0 T

4KHZ—> Shaping - 2

SSFBG E} o

1 < S

= o

5 g 05 o)

Gain Switched 72 S s

DFB £ g b= a

E @ - 2

A=1556nm 8 10G bit/s 0.0 b
2311 PRBS

Generator

Timelps]

Figure 3 (left) Set up and principle of the parabolic pulsming system. (right) (a) Experimental (dotlie¢) and calculated (dashed-dotted
line) spectrum of the parabolic pulses. (b) Intgnsi the shaped parabolic pulses measured usi@-BRIOG and its corresponding gradient.

The experimental set-up and the retiming schemeciple are shown in Figure 3. The technique is dhase
the fact that the chirp imparted by an intense Ipali@ control pulse on a co-propagating signal iiKexr
medium is linear. Thus data pulses offset fromdbwetrol pulse centre have a frequency offset thatimply
proportional to the temporal offset of the dataspalfrom the control pulse centre. There is thaseato-one
linear mapping of timing jitter to frequency jitteBy passing the frequency modulated data bitsutjiioa
suitably dispersive delay line it is possible time the data bits on a bit-by bit basis. The lgspe with this
technique is how to produce the control pulses witlsufficiently accurate parabolic pulse shapeoun
experiments we use an SSFBG pulse shaper to gengfgs parabolic pulses from 2ps incident pulses
generated from a mode-locked erbium fibre solitomg daser (EFRL). The measured optical spectrurthef
pulses from the SSFBG is shown in Fig.3b along wth pulse shape as measured using a second harmoni
generation frequency-resolved optical gating (SHEE). As can be seen the intensity envelope dérevat



exhibits a reasonably good linear slope acrosslthps
pulsewidth as required. In our experiments the gatses
had a duration of 2ps and we were able to ap
controllable levels of simulated induced timinggit We
evaluated the quality of our retiming scheme atsystem
output and these measurements are summarisedureFi
4, where we also show examples of eye diagrambeat
input and output of the retiming scheme, obtained
incoming signals with an RMS timing jitter of ~1p8 0 ‘ ‘ ‘
((peak-peak (p-p) of ~10.4 ps), ~2.9 ps (p-p of.3¥s) 0 1 2 3
and ~3.5 ps (p-p of ~16.4 ps) respectively. Thesuesl Input Timing Jitter RMS [ps]
jitter of the pulses at the output of the retimischeme _ T

. Figure 4 Output versus input RMS timing jitter of the
cases was measured as ~1 ps (RMS value) — thetiesol ;5 signal (Inset) Eye diagrams before (a.1-3) aftet
limit of the sampling scope used for our measurdmel (a.4-6) the retiming scheme for three differentuesl of

The benefits of the jitter reduction are obvious. induced timing jitter: RMS~1.8ps (p-p~10.4ps), RM$-2.
(p-p~15.3ps) andRMS~3.5ps (p-p~16.4ps). Time scale:
10pg/div.
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4. CONCLUSIONS

In conclusion we have reviewed recent progreshénatrea of SSFBGs for pulse shaping applicatiodshawe
shown that reliable, accurate and complex reshagpirmgicosecond optical pulses can be achieved. hdve
demonstrated a number of applications of the apbread have referred to others. We consider ourltset®
highlight that this a most promising approach tonipalating and controlling optical signals withiotdire
optical networks, and that this technology has metimer applications beyond telecommunications aiso,
least in the area of high power fibre lasers.
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