RECENT DEVELOPMENTS IN FIBRE TECHNOLOGY AND ITS APP LICATION WITHIN
HIGH SPEED OPTICAL COMMUNICATIONS

D.J. Richardson, J.Y.Y. Leong, F. Parmigiani, P.J. Almeida, M. lbsen, P. Petropoul os

Optoelectronics Research Centre
University of Southampton, UK
Phone:+44 2380 594524, Fax+44 2380 593142
djr@orc.soton.ac.uk

ABSTRACT processing systems that we believe highlight the

Recent advances in optical fibre technology, mostPotential —of —combining these two enabling
notably in the area of microstructured fibres, high technologies for optical processing applications.
power rare-earth doped fibres, and superstructured

fibre Bragg gratings offer a host of new opporti@sit 2. NONLINEAR FIBRES

within future high speed communication systems. . . . .
Herein we review the increased range of waveguide, The effective nonlinearity-per-unit-length of a
characteristics that can now be obtained withimefib Or€ at a wavelengtid is given byy = 2rtn; / (A1)
with an emphasis on both fibre nonlinearity and wherenz_ls the nonll_near refractive m_dex of the glass
dispersion control, and describe the latest adwaimce and Ay is the effective area of the fibre. In order to

the design and fabrication of fibre Bragg gratifigs controly one can in practice either control the value
the manipulation and shaping of ultrashort pulses.Cf " through material choice, and/or charge The

We then outline how such components can pe€Xtent to whichAg can be controlled is ultimately
integrated into various all-optical processing desi def'”‘?d by th? mdex_ contrast be_twe_en_ core and
for high speed optical communication systems cladding materials, which can be quite limitingtire

focusing in particular on data retiming and OTDM case of conventional solid fibre fabrication. Fimgli
add-drop multiplexing suitable thermally and optically matched materfafs

core and cladding severely limits the range of mgh
1. INTRODUCTION materials that can be used for conventional solid

The development of low loss, dispersion optimised fibres.
transmission fibres coupled with the development of
the erbium QOp_ed fibre amplifier has revolutioniz_ed 2.1 Conventional solid HNLFs
telecommunications. Thit/s data capacity
transmission over transoceanic distances can now be Over recent years there has been considerable
routinely achieved using DWDM technology [1], and commercial interest in developing silica based dope
single channel data rates of >2.5Thit/s over ~160kmfibres, — produced using standard  deposition
have also now been demonstrated [2]. In order tot€chniques, offering both high nonlinearity with
fully exploit this inherent transmission capacity accurately —controlled dispersion characteristics.
within networks, the use of all-optical processing Typical values of nonlinearity per unit lenggHie in
techniques such as optical regeneration, wavelengtine range 15-25 Wkm™, however it is to be
conversion and routing will ultimately be requiretl. ~ @ppreciated that these values can be achieved with
looks likely that fibre technology could play atmal ~ ©only relatively modest compromise in the fibre loss
role here also, both in terms of pulse shape cbntrowhich is typically 0.5-1dB/km. Highly nonlinear
and in terms of providing an ultrafast nonlinear fibres (HNLFs) with a zero dispersion wavelength
optical element. In this paper we review recentaround 1550nm exhibiting both low third order
developments in nonlinear fibre fabrication with a dispersion [3], and indeed fourth order dispersion
primary emphasis on microstructured fibre have now been reported [4]. Such fibres are now
technology. We then briefly outline the state-aé-girt ~ commercially available and have been used in aerang
in terms of fibre grating for pulse shaping Of telecommunications applications, including opkic
applications, and conclude by describing the demultiplexing,  wavelength  conversion  and
operation and performance of two elementary pulseParametric amplification.



By moving to materials with a higher intrinsic
nonlinearity, e.g. bismuth based glasses, it isiptes
to achieve far higher values-gfalbeit with increased
losses. For example, values as highyas 1000 W
m™ with losses ~1dB/m have been achieved in
Bismuth doped fibre, and again these fibres are no
commercially available [5]. However, it is to be
appreciated that it is not possible to achieve zerd
dispersion wavelength at 1550nm due to the high
material dispersion of bismuth based glasses aethe
wavelengths. This is due to the limited index
contrasts that can be achieved using suitabl
combinations of glass for core and cladding.

Figl Some typical microstructured fibre types
Microstructured fibre technology allows the fabricated at ORC: (a) a PBG fibre (b) a large mode
possibility to benefit from the large linear and area holey fibre (~20 um core diameter); (c) a small
nonlinear refractive index contrasts between glass core slica HF which provides high optical
and air to realize fibres with truly unique andfuse  nonlinearity; (d) a high nonlinearity HF in SF57 glass
properties. By suitable control of the fibre tramme ~ Produced using an extrusion technique.
structure, and material choice, it is possible toobtaining suitable dispersion properties is oftén o
envisage fibre designs with nonlinearities that aregreater importance for many nonlinear device
tailorable over more than 7-orders of magnitude [6] applications, necessitating a trade-off in magratofi
This opens up a host of new device possibilitiesnonlinearity for dispersion control. The high index
ranging from nonlinear elements for contrast between air and glass allows for extreme
telecommunications applications through to low values of waveguide dispersion and this can be used
nonlinearity fibres for high power laser delivery. to control the large material dispersion associated
In the low nonlinearity extreme we estimate that with compound glasses at wavelengths of interest in
low loss PBG fibres (see Fig.1la) with nonlineasitie the near IR — e.g. at 1550nm for telecommunications
around 1000 times lower than existing SMF should or around 1060nm for incorporation within Yb-doped
be possible, by minimizing the amount of light fibre based devices.
propagating within the solid regions of the fibamd
maximizing the amount of light within the low In Fig.2 we show a lead silicate HF with a hexagona
nonlinearity air core. At the other extreme we can arrangement of effectively 4 rings of holes (48€sol
anticipate HFs with nonlinearities that are 10,000in total), produced by stacking together just 7
times that of conventional SMF by making use of structured elements [9]. As opposed to our preWous
both the tight mode confinement possible in small- extruded suspended-core HFs [8], whose critical
core, high-NA HF and the Ilarge material properties are determined primarily by just one
nonlinearities that can be achieved in high indexparameter, the core diameter, these SEST fibres hav
materials such as chalcogenide glass. Nonlinegritietwo adjustable parameters: the hole-to-hole pitch
approaching the maximum theoretical values possibleand the hole diameter d (or relative hole sizg)dA
in fibre form have now been achieved for severalis adjusted by the scale of the microstructuredoreg
materials. For example,values at 1550nm of 70W  Note that the core size of the SEST fibres depends
km™and 1860 Wkm™ have been achieved in pure both d andA, and is about &-d. The core size of the
silica (see Fig.1lc) [7] and lead silicate HFs (seeHF shown in Fig.2 was varied between 2.4-4.5 um
Fig.1d) [8] respectively. Note that once such high and had a & ratio of 0.48 in the outer cladding
levels of nonlinearity can be achieved, e.g. to theregion, and 0.55 in the region surrounding the .core
point that devices of order 1m become practicanth The loss of these early SEST fibres is around 3¢B/m
the relatively high losses (~1dB/m) of high-index although losses below 1dB/m are ultimately expected
base materials cease to be a major limiting issue f for this glass type.
many important applications. The great advantages of SEST HFs though can be
Whilst this is in itself an impressive achievement, appreciated when the fibre dispersion is considered

2.2 Microstructured fibres



We have performed numerical simulations using a 2.3 Pulse shaping using SSFBGs
full vector model to calculate the group velocity

dispersion (GVD) profiles of the 3 SEST fibres ao f to the point that gratings with truly complex phase

produced. In Fig.3 we plot the theoretical vaaati and amplitude reflectivity profiles can be reliably

of dispersion with wavelength for our three fibre . . .
samples. HF #2 and #3 are seen to exhibit anomalougeS'gned’ and fabricated [11]. It is thus posstole

GVD throughout the C-band due to an excess Ofproduce gratings designed to reshape optical pulses

waveguide dispersion in this region. However, fér H suited for a given optical communications function.

#1 the effects of material and waveguide dispersionTO date pulse shaping gratmgs have been most
. commonly used for dispersion compensation
oppose each other in such a way that the zero-

dispersion wavelength is shifted to the region applications, but interest is now growing in using

between 1530-1540nm, as intended from our designSUCh devices for a host of optical processing

calculations. We also plot theoretical dispersion applications, including optical code generation and

profiles of several extruded SF57 suspended-coreremgmtlon’ timing  jitter  tolerant ~optical

fibores  previously fabricated with maximum demultiplexing [12] and ~pulse repetition rate

nonlinearity in mind [8]. The primary zero dispersi multiplication [13]. In the following section we
wavelength for these .fibres lies aroundnil The present data on a pulse reshaping grating designed

figure shows that the SEST designs offer far greate gg?tirnateu|2§£a22|K;e|i3;b€|ipedenrenrj;stgz ffrr(?nT am;]'ggg_t
control and flatter dispersion profiles in the uBb b y 9

region compared to the suspended-core structurelsmked fibre laser. Parabolic pulses are of great

. . . o interest for applications such as all-optical Feuri
previously fabricated. Fig.3 also shows the dispars transformation, optical regeneration and high power
profile of a theoretical SEST design optimised for » OP 9 gn p

flattened dispersion at 1.pB which highlights the pulse amplification schemes amongst others.

excellent properties that should ultimately be
achievable using the SEST approach [10]. 3. EXAMPLES OF OPTICAL PROCESSING

w-u‘ USING HNLF'S AND SSFBG’S

Fibre Bragg grating technology has now advanced

3.1 Timing Jitter reduction

Timing jitter reduction is likely to be an essehtia
function within  future high speed optical
communication systems. Here we present a technique
for drastically reducing timing jitter induced i@t
pulse transmission systems based on the use a$-Cros
Phase Modulation (XPM) in a HNLF [14].

Fig.2 SEM image of the dispersion shifted SEST fibre at A ® L 5
1.55.m (HF#1). :
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Fig.3 Comparison of dispersion profiles of our previous Generator
work on suspended-core HFs with different core sizes and Fig.4 Experimental set-up of the parabolic pulse

various SEST fibres including an optimised design offering retimer.

][.et;juced di*ggggogf&evwﬁngn:jne?_'r::tilaﬁl‘;;h@ztnrs The experimental set-up and the retiming scheme
r' re;sct\;v\ze s m- for ' an principle are shown in Fig.4. The technique is Hase
=P ¥ on the fact that the frequency-shift imparted by an



intense control pulse on a co-propagating signa in together with the theoretically calculated single

Kerr medium is given by: parabolic pulse spectrum (dashed-dotted line).
_ 2 As can be seen, we can accommodate 11 spectral
o(T) = _6_(0 =-2)P L 6|U ( AT)| , lobes with an excellent agreement, highlighting the
oT oT quality of our grating writing process. A detailed

wherey and L are the nonlinear coefficient and the assessment of the quality of the parabolic pulses i
effective length of the HNLF respectively, B the carried out before processing with our retiming
control peak power, U(T) is the normalized slow experiment. We characterised the pulses refledfed o
varying amplitude of the pulse envelope, axd is the SSFBG using second harmonic generation
the initial relative time delay between the sigaaH frequency-resolved optical gating (SHG-FROG) and
the control pulse. Thus if the control signal hasedl calculated the time derivative of their intensity
defined clock rate and comprises pulses with aprofile, as seen in Fig.6. As can be seen, this
parabolic intensity profile then we can use thiseti  derivative exhibits a good linear slope across the
derivative effect to impart a frequency shift on 10 ps pulsewidth.

individual pulses within an incident data strearatth

is simply proportional to the temporal offset oketh
data pulses from the control pulse centre. There is
thus a one-to-one linear mapping of timing jitter t
frequency jitter. By passing the frequency modwate
data bits through a suitably dispersive delay lihes
possible to retime the data bits on a bit-by bgika
The key issue with this technique is how to produce
the control pulses with a sufficiently accurate
parabolic pulse shape. Here we show that this is
possible using a simple grating based pulse shaper.
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Fig.5 (Left) Experimental (dotted line) and calculated ~ 10PS/div.
(dashed-dotted ling) spectrum of the parabolic pulses.

Fig.6 (Right) Intensity of the shaped parabolic pulses The data source, synchronised to the EFRL signal,
measured using SHG-FROG and its corresponding was a gain-switched Distributed Feedback (DFB)
gradient. laser, operating at 1556nm. The pulses were

compressed down to ~2ps using 125m of DCF
A mode-locked erbium fibre ring laser (EFRL) followed by a nonlinear compression stage. The
operating at 1542nm is used to generate ~2 p®solit pulses were then modulated by*%:-2 pseudorandom
pulses at a repetition rate of 10 GHz. These puises bit sequence using a lithium niobate modulator and
used as the input to the parabolic pulse shapes. Thfed into 220m of HNLF { ~20W*m™) by a 90-10
shaped pulses are designed to have a parabolisplitter. The HNLF has a zero-dispersion wavelength
envelope (FWHM of ~10 ps) superimposed upor'a 5 at 1550nm, which ensured minimum walk-off time
order super-Gaussian profile which is used tobetween the two signals. An optical delay line was
smoothen the pulse edges and reduce its spectralsed to temporally overlap the two signals. Thexdat
extent. The grating was designed and fabricateld wit signal was then filtered using a 5 nm broadband
an appropriate phase and amplitude response taoptical filter and then launched into 500 m of Sk
convert the 2 ps solitons into the target parabolicrequired to remove the chirp, and thus to retihee t
pulses. The measured optical spectrum of the pulsepulses. We artificially introduce timing jitter dine
from the SSFBG is shown in Fig.5 (dotted line) data pulses by frequency modulating the 10 GHz RF



TDM-WDM converter WDM-TDM converter

40 Gbit/s RZ-OTDM
Transmitter

Fig. 8 Experimental configuration of the TADM. UMD =4

Tunable Source

drive signal of the laser with a 4 kHz tone. The pulses and a 1:1 mapping exists between the tirde an
amount of induced timing jitter could be changed by wavelength domains this allows us to use high
varying the amplitude of the frequency modulation.  extinction ratio filters, (high precision fibreaings

We evaluated the quality of our retiming scheme atin our case), to obtain high extinction ratio chann
the system output for several values of timingejitt drops when we convert the intermediate TDM-WDM
deliberately applied to the incident data pulsdsese  signal back to an OTDM signal at the TADM output.
measurements are summarised in Fig.7, where wdhe temporal windows of the through and drop ports
also show examples of eye diagrams at the input andre dependent on the linear chirp rate of the mmappi
output of the retiming scheme, obtained for incagnin pulses. For our particular system, where we haed us
signals which have an rms timing jitter of ~1.8 ps mapping pulses with a linear chirp rate of 6 nmrove
((peak-peak (p-p) of ~10.4ps), ~2.9ps ( p-p of 100 ps, the 1.5nm bandwidth of the FBG
~15.3 ps) and ~3.5 ps ( p-p of ~16.4 ps) respdgtive corresponds to a switching window of 25 ps (Fig.9).
The measured jitter of the pulses at the outpuhef  For reference, the spectral traces shown in thedig
retiming scheme cases was measured as ~1 ps (RM®ere taken with a resolution of 0.01 nm which
value) — the resolution limit of the sampling scope corresponds to a temporal resolution of 170 fs.s€he
used for our measurements. traces also show that the FBG had a minimum side
lobe extinction of 24dB in reflection and a
transmission loss at of 35dB at the peak of the
reflectivity curve. The channel suppression is

Time division add-drop multiplexing (TADM) is calculated by integrating the power within the
likely to become a key function in future ultra-hig  timeslot before and after the through port. In tdse
speed optical communications. TADM has beenwe obtained 33dB across the full-width at half-
demonstrated by various groups based on themaximum of the dropped channel.
dropping of channels directly within the time domai The OTDM data pulses were generated using a gain-
using a fast optical switch. However the reported switched diode laser producing 9-ps pulses at a
values of suppression ratio between the through andepetition rate of 10-GHz and a central wavelerajth
cleared channels is typically less than 25-dB and i 1546-nm. They were modulated externally with a
limited by the finite extinction ratio of the switc ~ 2*-1 PRBS and multiplexed to a line rate of
This severely limits the cascadability of such desi 40Ghit/s.

Here we demonstrate a TADM approach capable of 1510 1850 et lss3 1534
providing a 35-dB channel suppression ratio based o ‘ ‘ ‘ ‘ ‘
OTDM to WDM format conversion [15].

Our scheme is shown in Fig.8. The incoming
OTDM signal is used to sample a chirped optical
pulse thereby generating a mixed TDM-WDM
representation of the incident OTDM signal. Each
tributary channel is mapped onto a separate WDM
channel which allows further processing of the algn
within the frequency domain. (Additional time
domain processing can also be performed at thigesta
if required). Since we are using linearly chirped

3.2 Add drop multiplexing
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Fig. 9 Through and drop port switching windows.
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Fig. 10 Left: Optical spectrum (1537-1557nm) (5 dB/div,
2 nnvdiv, 0.01-nm resolution). Right: Eye diagrams.

Fig.10(a) shows the corresponding spectrum and
eye diagram. At the add-drop multiplexer input the
40 Gb/s data was amplified to an average power off
20-dBm and launched into the control port of a
highly-nonlinear fibre optical loop mirror (HNLF-
NOLM). The signal to the HNLF-NOLM comprised
100-ps linearly-
GHz repetition rate and highly flat top bandwidth

electro-absorption
Error-free operation was achieved within a 2-dB
power penalty for all cases, and no degradationtdue
) . crosstalk was observed for the added channel. Iinal
: & we tested the simultaneous dropping of two channels

the area of both nonlinear
abrication. We have shown that by combining these

modulator-based demultiplexer.

; in a proof-of-principle demonstration using the two
A E grating arrangement of Fig.11. The eye diagrams tha
/ we obtained are shown in the same figure.

back-to-back - Through-Channels
YV - <M MM
AXATARARAL ¢ ¥\

\ ittt g Fig.11 Smultaneous multiple channd drop.

4. CONCLUSIONS

In conclusion we have reviewed recent progress in

fiore and SSFBG

two enabling technologies it is possible to perfam
range of ultrafast all-optical processing functionsa
relatively simple and straightforward manner. We
chirped rectangular pulses at a 10_consi_ole_zr our results to hig_hligh'g that this a m_ost
o Promising approach to manipulating and controlling

6-nm. At the HNLF-NOLM output the control pulses optical signals within future optical networks.

were filtered out and a TDM-WDM replica of the
original data was carved onto the chirped pulseg, F

10(b). Each channel -3dB bandwidth was 0.7-nm and[l]
the spacing between them 1.4-nm. The TDM-WDM [2]
signal was then transmitted through the tunablee fib [3]

Bragg grating (FBG) add/drop multiplexer using the

circulator arrangement shown in Fig.8. The drog por [4]

was then port 3 of C1 and the add port of a new 10-

Gb/s channel was port 1 of C2. Fig. 10(c) and (d) [5]

show the spectra and eye diagrams of the throudh an

dropped channels respectively. Rather than using 36]

new pulse source we chose to re-inject the droppe
signal through the add port. Note that this casefy
represents the worst case in terms of coherent

interference with the previously dropped channel.[g]
The second HNLF-NOLM was used to convert the [g]

mixed TDM-WDM signal back to a single

wavelength 40 Gb/s TDM signal. The polarizer was [10]

inserted to equalize the SOP of all channels at the

input of the second NOLM switch. The TDM-WDM 171

signal was then amplified to an average power ef 18
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