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Retiming System Using
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Abstract— This paper demonstrates a retiming system
operating at rates of 40 and 160 Gbit/s, which ineporates a
superstructured fiber Bragg grating (SSFBG) as a pise
shaping element. The original data pulses are shagento flat-
topped (rectangular) pulses to avoid conversion dheir timing
jitter into pulse amplitude noise at the output ofa nonlinear
fiber-based Kerr switch. Thus retiming is performedin a single
step avoiding wavelength conversion. The benefitsf aising
shaped rather than conventional pulse forms in terra of timing
jitter reduction are confirmed by bit-error rate (B ER)
measurements.

Index Terms—All-optical regeneration, timing jitter, fiber
Bragg grating, nonlinear switches, optical pulse siping, ultra-
short optical pulses.

. INTRODUCTION

One route towards achieving an extended switching
window is by shaping the control optical pulse fa switch
input into a rectangular waveform [1-3]. This pre$ then
optimal resilience to timing jitter induced errom@nd also
reduces the absolute accuracy for temporal binalignt. The
shaping and manipulation of the optical pulses are
conventionally achieved using liquid crystal spatia
modulators [4-5] or arrayed-waveguide gratings (AS)/(B].

In literature, picosecond and sub-picosecond laugangular
switching windows have been also demonstrated using
uniform long periodic gratings operating in transsnon [7-

8] and propagation in a section of polarisation ntening
fibre [3]. In this last scheme, the pulse shapebdsed on
obtaining controllable pulse broadening in a HifiBre due

to polarisation mode walk-off.

In this paper, we demonstrate timing jitter reduttin an
optical time division multiplexing (OTDM) system emting

s data rates increase, and the associated pulgedata rates up to 160 Gbit/s by linearly reshgf?Z data

Adurations get shorter, it becomes critical to bke db
manage the noise-related transmission impairmentshe
original data pulses, such as amplitude and tinjiibey. At
bit rates beyond 40 Gbit/s, it is considered bathnically
(due to the intrinsic benefits in speed) and ecdoalty (due
to the generally lower power consumption requiretslen
beneficial to consider all-optical techniques foe mitigation
of such impairments. Nevertheless, the issue aEliining is
particularly challenging, since, apart from clodcaovery, it
also requires the availability of a switch with aiform
response over a time base extending across theéatuod the
bit slot. Whereas this might be conceptually stifyward
in digital electronics, the analogue nature of imadr optical
devices, whose response depends directly on teesity of
the control signal,
complexity.
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pulses in a polarization insensitive SSFBG into gkn
rectangular (flat-top) pulses (~5ps) and then d$witg these
pulses in a nonlinear Kerr switch with a synchranoptical
clock signal [3, 9-1D while maintaining the original
wavelength. SSFBG technology offers a ready roat¢he
production of optical filters with very preciselyrtrolled
frequency and phase profiles of almost arbitramglexity in
a single continuous grating structure and which tbemefore
be used to manipulate the properties of incidenticab
signals. An SSFBG is defined as a standard fibaéirgy, i.e.
a fiber with a rapidly varying refractive index mddtion of
uniform amplitude and pitch, onto which an addigibn
slowly varying amplitude/phase modulation has hegposed
along its length [11]. In the low grating refledtivlimit, i.e.

introduces an extra architedtur for which the light penetrates the full grating dgm, the

optical frequency response of the grating is singilien by
the Fourier transform of its spatial refractive emd
modulation profile, thereby allowing the spatiafoirmation
of the grating superstructure to be directly mapped the
time domain [12].

SSFBGs have proven to be an extremely powerful farol
advanced photonic applications that require fing accurate
manipulation of the shape of short optical pulshanks to
the high precision in the implementation of theesgfructure
phase and amplitude profiles offered by plane-lanpl
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grating fabrication techniques. Using this line#sfiaerized
pulse shaping method, we have previously demorestreite

signal is shaped into a rectangular pulse priorbéing
injected into the switch (case (b) in Fig.1), thea fop of the
reshaping of short pulses of a few picosecondstidurdnto new shape ensures that the switch is insensitiveotose
rectangular pulses of different pulse widths (1@<)(Q10, 12- mistiming within the original
14]. However, this extremely versatile techniquesustable 1 —
for a far broader range of applications, rangirgrfroptical
code generation/recognition [15, 16], repetitiontera
multiplication [17], data format conversion [18ggeneration
[19] and compression [20], to more exotic applimas, such
as Optical Fourier Transformation (OFT) [21].

This paper is organized as follows. In Section W
present the principle of operation of the schentetae pulse
characterisation of the ~5ps rectangular pulsestidde lll Figure 2. Refractive index modulation profile of the SSFBG
describes the experimental set-up we used, while th (a)and corresponding simulated spectral response (b).
performance of the proposed scheme as a pure retsme
assessed in Section IV. In this Section, we shotailed
timing jitter characterisations and BER measuresenhese 0.
results were obtained at data rates of both 40169dGbit/s. '
Comparative measurements are also presented wlagmgh
the data signal into Gaussian pulses with similaise
durations as the rectangular pulses, highlightinge t
improvement obtained with the pulse shaping grating
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Il. PRINCIPLE OFOPERATION AND PULSE CHARACTERISATION
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Figure 1. Operating principle of
without (a) and with (b) the use
shape.

the retiming technique
of a rectangular pulse

The basic idea behind the retiming scheme is shnviig.
1. The Figure illustrates the effect of timing gitton the
performance of an optical switch (controlled byhars optical
clock pulse) in the instance that: (a) no retimirmg; (b)
retiming in the form of pulse reshaping in the fooha

rectangular waveform is applied

to the signal. s de

appreciated in case (a), large timing jitter in signal pulses
results in significant pulse amplitude noise at tlugput of

Figure 3. a) Cross-correlation measurement of the shaped
5ps rectangular pulse (solid ling) and its comparison with a
Gaussian pulse shape (dashed line) with a similar FWHM
(~5ps). b) Spectral traces before and after the SSFBG.

signal. The maximum tolerable amount of timingejitthat

can be suppressed is defined by the duration of the

rectangular pulse and cannot be larger than thatidar
allocated to each data slot. The signal can theswitehed by
clean, short clock signal pulses that are temppgdiined to
the nominal center of the rectangular data puleesnsure
that the output signal is properly retimed.

In our experiments, we generate ~5ps rectangulésepu
using our SSFBG based pulse-shaping technologywés
the switch when the signal is switched by a shodlready discussed in the previous Section, this isurely

conventional pulse shape. However, if the incomifeja passive-filtering process; to be able to propembgign the
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grating and, thus, achieve the desired pulse shtpe,
characteristics of the pulses which are to be detthé¢ grating

provide a 2-1 pseudorandom bit sequence (PRBS) and
subsequently multiplexed up to either 40 or 160 t/Sbi

input need to be known in advancehe SSFBG has been according to the specific experiment. The data aligis

designed and fabricated with the correct phaseaamulitude
reflectivity profile to work optimally with a traferm-limited
~1 ps Gaussian pulse at its input. We chose thicpkar

shaped via the SSFBG into ~5 ps rectangular paisdsfed
into the Kerr switch. The nonlinear element in wédtch is
constituted by ~200m of highly nonlinear fiber (HRLwith

pulse duration to ensure that we could accommodate a nonlinear coefficieng~10.5W'km™, a dispersion slope and

adequate number of spectral
reflectivity within the available spectral bandwidbf the
incoming signal, while avoiding to overcomplicatbet
SSFBG refractive _index modulation  profile.
corresponding simulated refractive index modulatipwofile
and spectral response are shown in Fig. 2(a) agd Xb).
The peak reflectivity of the grating is ~20%, capending to
a_ maximum modulation index ofdn~10°. We can
accommodate 9 spectral lobes within the availaldlénm
spectral bandwidth, while the main body of the iptis
written _within
precision required during the fabrication procééste that in

this demonstration however, we used slightly brogmldses
(=1.8ps), so that the shaped pulses have smoalhbes @and a
narrower flat top than those targeted [IAp. 3(a) shows the
corresponding temporal profile of the pulse shapinating,

features of the SSFBG

The

~2.5mm _of fibre, emphasizing the kig
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Figure 5. Spectra after the Kerr switch at 40Gbit/s (a) and
160Ghit/s (b).

wavelength of 0.018ps/rftkm and ~1554nm, respectively.
The clock source, synchronised to the data streanthe
same RF synthesizer, is an Erbium-glass mode-lotkss

measured with a cross-correlator and using a ~600 (ERGO) with low inherent timing jitter Tf,s ~210 fs),

sampling pulse. The flat top of the shaped pulsersls over
~2 ps. As a reference, we also include in the stgoee a
plot of a Gaussian pulse with a similar full widét half
maximum (FWHM).

Fig. 3(b) compares the spectra both before and fte
filtering, where the shaping function of the gratiand the

operating at 1544 nm and providing pulses with aHR\bf
1.3 ps when properly compressed in a short lendgth o
dispersion compensating fiber. These pulses ar¢ipiaxed
up to either 40 or 160 GHz and amplified beforenbei
launched as the control signal onto the Kerr switch

The data signal is aligned at 90° to the Kerr dwitc

appearance of thesinc-like features corresponding to apolariser so as to be attenuated in the Kerr switbkn the

rectangular waveform can be clearly observed. TEEB&
response is broader than the input spectrum, asopsty
explained, while the spectral asymmetry observesllte
from the slight spectral response asymmefrthe SSFBG.

I1l. EXPERIMENTAL SET-UP
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Figure 4. Retiming set-up at 40- and 160-Gbit/s. Inset:
cartoon showing the operating principle of the Kerr switch.

The experimental set-up is reported in Fig. 4. Aatle
mode-locked laser (TMLL) operating at ~1557nm iedifo
generate ~1.8ps Gaussian pulses at a repetitienofalO
GHz. The laser source has an inherent RMS timitber jof

control signal is absent. The clock pulses co-pyagiag in
the Kerr switch are aligned at 45° relative to shaped data
pulses. The part of the square pulse that oventafime with
the clock pulse has its polarisation rotated wittiie HNLF
due to cross-phase modulation and can thus bentitied
through the polariser (see inset of Fig.4). Sirm walk-off
between the two signals inside the HNLF is neglegiiwing
to the low fibre dispersion, the data pulses after retiming
scheme retain a similar pulse width (FWHM~1.2psy an
RMS timing jitter ¢ms ~250 fs) as the control signal.

The retimed signal is then characterized using the
corresponding diagnostics and subsequently derfexéd
down to 10 Gbit/s. This was obtained using a noedr
optical loop mirror (NOLM), which was controlled by
10GHz clean synchronized signal, with 50m HNLF slo
0.018ps/nrfkm, zero dispersion wavelength at 1554nm,
y~10.5W'km) as a demultiplexer before entering the BER
tester (BERT).

Fig. 5(a) and Fig. 5(b) show the spectra at thpudutf the
retiming scheme for operation at 40 and 160Gbit/s
respectively, highlighting that the spectra loseirttsinc-
shape when properly switched and broaden with ptdpehe

Tms ~420 fs. These pulses are then amplitude modutatedinitial pulse spectrum (see Fig. 3(b)) while stéintred on the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) <

original wavelength. The two spectra clearly shbev40GHz
and 160GHz tones, while the specific feature, whish

4

measurements for Gaussian pulse shaped data signal.

common between the two traces, due to the simiakp
power considered, is due to nonlinearity (mainlif-ghase

modulation and XPM) in the HNLF.

To study the benefit of the rectangular switchinopdew

Original pulse Clock Retimed pulse
pulse
Trms [fS] 420 210 250
Oaj. [%0] 3.6 24 7.1

compared to more conventional shapes, the SSFBGhegas
replaced by a conventional narrow Gaussian filtet shapes

the incoming signal into Gaussian pulses of simélaape as

the rectangular pulses, see Fig. 3(a).

Table 1: Timing and amplitude jitter values at different
points of the system for operation at 40Gbit/s.

IV. PULSE RETIMING. EXPERIMENTAL RESULTS 4

In order to evaluate the performance of the prapose 5 |
system, we started by examining the retiming pridperat
40Gbit/s, since this data rate allows us to meatheeRMS —F
timing jitter at the FWHM point on the trailing eglgf the 0]
pulse on a Digital Communication Analyser (DCA)ngsian % [
Agilent Precision Timebase Module. The resultsraported £ 8
in Table 1 and clearly show that the pulses ataitput of 9
the Kerr switch have their jitter drastically redddrom ~420 10 -
fs to ~250 fs (close to the clock pulse jitter @f10fs), albeit 11 1
with a slight increase in amplitude noise. The esponding 1240 s a0 2e o
amplitude noise standard deviation values for tharks _ Optical Receiver Power [dBm]
(0aj). which are normalized to their mean values, are als £ —
reported in Table 1. The increase in the switchetbep =24 F'U'aflla“m drift ‘*'“i'__é‘f,ﬁi A 1
amplitude noise may be linked to the non-unifornifythe E B . Ak A aad |y ogretiner  @40GHRE
rectangular pulse shape, to slight spectral distwstof the E T I, i ﬁ?ﬂﬁ?jfnﬁ'a”%?gﬁéﬁﬁs
rectangular pulses caused by self-phase modulation 30 {& 4 . A wrelimer - @1B0GHIS
experienced during propagation in the HNLF andhi® in- % 32 1w v 3 v (b)
line amplifiers usedThis indicates than ideally an amplitude £ 4 & 12 16
regeneration stage should also be incorporatedirwithe s Channgls
system e e Lo

In order to confirm the necessity for a retimingtsyn we 6 le ety et L.
first compare the performance of the system whee th 2
retiming stage is applied either through the usthefpulse 27 m m = =
shaping SSFBG or through a conventional Gaussiapestto 5 {c}
that when no retiming is applied at all (Fig.6). 0 4 8 12 16

Channels

We started by characterising the switched dataasigh
40Gbit/s when no pulse shaping was applied. Anrdtoor

Figure 6. a) BER characteritics of all channels at 40 Gbit/s

at a BER ~10 was encountered for the maximum receiver and 160 Gbit/s with and without any retiming scheme. b)

power of ~-20 dBm. In contrast, with the SSFBG Iacp,
error-free operation was achieved for all 4 retincednnels
and the corresponding opened eye diagrams aretedpior
Fig. 7(a). We then replaced the flat-top pulseshwib ps

Receiver sendtivity for all channels at 40 Gbit/s when the
data pulses are rectangularly shaped (triangles down) and
Gaussian pulses of a similar pulse width (stars). The same
measurements at 160Gbit/s for shaping into rectangular

Gaussian pulses (see Fig. 3(a)) and repeated time sa Pulsesonly (triangles up). c) BER at 40Gbit/s and 160Gbit/s

measurements. At 40Gbit/s, error free operation agaseved
with only a very small power penalty compared te tlat top
pulse shape and the corresponding eye diagramepoged
in Fig. 7(b). These results reflect the relatidely amount of
RMS timing jitter associated with the data signghe RMS
timing jitter associated to the data signal and tthe pulse
shapes (flat-top and Gaussian) are sketched irBgag. If the
data pulses exhibited a larger amount of timingijithen a
severe BER degradation would be evident in

without any retiming scheme at the maximum receiver
power of ~-20dBm

We then increased the bit rate of the signal to G6@/s
and performed similar assessments. Once again,outith
retiming, an error floor at BER ~fOwas obtained for the
maximum receiver power, as shown in Fig. 6(a). Wian
topped pulses were used, error-free operation fbrl@

theetimed channels was achieved. The spread in Bétysit
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among the retimed channels is due to uneven ardpktin
the multiplexed pulses in the data and clock aramg] to
polarisation drifts in the Kerr switch (see lasteth channels
in Fig. 6(b)). The corresponding switched eye diags are
reported in Fig. 7(c).

5

Figure 9: Measured BER at a constant received optical
power (-36 dBm) at 10 Gbit/s for flat top (triangles) and
Gaussian (circles) shapes.

edges of the rectangular shape have restrictedviftehing

We then used the ~5 ps Gaussian pulses and complgidow to the available time slot (see sketch ig. B(b)).

closure of the eyes after the Kerr switch was olebr(as
shown in Fig. 7(d)) which precluded BER measuremeht

this data rate, the smooth edges of the Gaussepestxceed
the time slot available (>6.25ps), causing a seeenss-talk
between the different channels. On the contrary,starper

Sps rectangular pulses as
signal @40Ghit's

aps rectangular pulses as
signal @ 160Ghit's
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Figure 7: Eye diagrams after the Kerr switch for
rectangular (a, c) and Gaussian (b,d) shapes at 40Gbit/s and
160Gbit/s respectively.
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Finally, we measured the BER at a constant recqioegbr
of ~ -36 dBm as a function of the time delay betwtee data
and the control signal and the results are showfigr®. This
measurement was performed at a data rate of 10sQbit
avoid the need for the demultiplexer. Error freefgrenance
was readily achieved over a window of ~1ps when the
rectangular pulses are used. This is in contrashéovery
narrow window provided by the 5ps Gaussian pulasslso
shown in Fig.9. The two shaded regions in the eeoftiFig.9
indicate the conditions of error-free operation tbe two
different configurations, emphasizing the large iaygement
achieved when using rectangular pulse shaping. Semee
figure also shows the measured rectangular pulgpestith
its associated level of timing jitter af,s ~420 fs (shaded
region), which justifies the limited extent of theffective
retiming window. If the inherent timing jitter assated with
the data pulse source could be eliminated, theantigipate
that error-free operation over the entire flat-thyration of
the rectangular shape would have been possible.

V. CONCLUSION

In conclusion we have experimentally charactersedilse
retiming system based on a pulse shaping SSFB@Gdkty.
Thanks to the flexibility offered by plane-by-plamgating
writing technology, we were able to generate ~Bpsangular
pulses and demonstrate a retiming scheme at riepetétes
up to 160 Gbit/s. Using a flat top switching windowe
clearly demonstrate a substantial performance egment,
when compared with conventional (Gaussian) shapss,
confirmed through detailed BER measurements.
shaping with SSFBGs has a range of attractive featu
including simple implementation, and robust, pdation
insensitive operation.
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