OFC/NFOEC 2008
OWS2.pdf

640 Gbit/sOTDM Lab-Transmission and 320 Gbit/s Field-
Transmission with SOA-based Clock Recovery

H.C. Hansen Mulvad"”, E. Tangdiongga, O. Raz, J. Herrera, H. de Waardt, and H.J.SDorren
COBRA Research Institute, Eindhoven Universityeahifiology, PT-12, P.O. Box 513, NL-5600 MB EindhpVée Netherlands
(*) on leave from: COM<DTU, Technical University@&nmark, Building 343, DK-2800 Kgs. Lyngby, Derknar
E-mail: hchm@com.dtu.dk

Abstract: We demonstrate low-jitter 40GHz baserate clock veopfrom 640Gbit/s OTDM-data after 50km lab-
transmission, using a potentially integrable irigeiocked loop circuit with SOA-based phase-corguar at low
data-powers. A 54.3km field-transmission test &1GRit/s is also performed.
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1. Introduction

Clock recovery (CR) is the essential functionatlityich allows a receiver to synchronize to a tram@didata signal in an
optical communication system. In a network basedmital time-division multiplexed (OTDM) data sas, the CR circuit
must extract a clock at the baserate, which isapetition rate of the individual data channelsstibtnent of the OTDM
signal. This requires an optical phase comparistwden the received OTDM signal and the locallyegeted clock signal.
Such a phase comparator must have a very highgimeisolution, i.e. lower than the bit-slot duratiwhich in the case of a
640 Gbit/s OTDM signal is ~1.5 ps. Earlier demoatidins of clock recovery from high-speed data dgghave exploited
a.o. four-wave mixing in a laser-diode amplifiedl@0 Gbit/s [1], electroabsorption at 320 Gbit/s ghd filtered chirp from
an SOA at 320 Ghit/s [3]. It has been demonstridtatia semiconductor optical amplifier (SOA) cahibit a time-response
faster than ~1 ps when it is assisted by filtet@idoc which has been used for demultiplexing frof® &bit/s [4]. The
advantages of an SOA is further that it can begiatied, its stability, and that it requires lowiogt power for switching.

In this paper, we perform 50 km lab-transmissioa 640 Gbit/s on-off keyed (OOK) OTDM data signadl aubsequent
clock recovery of the 40 GHz baserate clock bygisipotentially integrable clock recovery circliiis an injection-locked
loop containing an SOA as optical phase comparat@unn oscillator, and a pulse source. Phase-nm@ssurements on
the electrical clock from the Gunn oscillator résalvery low timing jitter values, both for shaihd long PRBS data
patterns, and for low data input powers to the §@dwn to -6 dBm). To further test the robustnesthefCR circuit against
phase perturbations, it is used after transmissi@n a 54.3 km field-installed SMF fibre link. Dteeimperfect dispersion
compensation of the link, the bit-rate had to bvedeed to 320 Gbit/s. This test also results inasssful recovery of the
40 GHz baserate clock with low jitter-values (<26

2. Operation principle and experimental set-up

The experimental set-up is shown in Fig. 1, whichers both the 640 Gbit/s lab-trial and the 320t Ihield-trial.
The 640 Gbit/s data signal consists of 16 bit-ietared 40 Gbit/s OOK-modulated channels, all asdrae wavelengt
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Fig. 1. Experimental set-up for the 640 Gbit/s taal and the 320 Gbit/s field-trial.
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and in the same polarization. It is generated bews. A Mode-Locked Fibre Ring Laser (MLFL-1) &atE=1560 nm emits

~2 ps pulses at 10 GHz. These are then multiplepetd 40 GHz by a passive fibre delay-line multigle(MUX). The

40 GHz pulses are OOK-modulated to 40 Gbit/s wiBRBS pattern, and then injected to a pulse corsjmestage. This is
based on self-phase modulation (SPM) induced sgddmnadening in a 500 m dispersion-flattened higidn-linear fibre
(DF-HNLF) with a dispersion D=-0.36 ps/rkm and slope 0.004 ps/Atkm at 1560 nm. The output of the DF-HNLF is off-
carrier filtered with a 13 nm bandpass filter (BREhtered at 1554 nm [5], as can be seen in Hig). Zhe SPM in the DF-
HNLF results in an up-chirping of the pulses, whick then compressed by the positive dispersitimeimemainder of the
transmitter, where the 40 Gbit/s pulses are meitigtl up to 640 Gbit/s by d-2 PRBS-maintaining MUX. At the output of
the transmitter, the pulses are thus compressed@0 fs with low pedestals. The 640 Gbit/s datalaea transmitted through
a 50 km dispersion-managed laboratory fibre linksisting of 26 km standard single-mode fibre (SMRY 24 km inverse-
dispersion fibre (IDF) The 640 Gbit/s data befanel after transmission are shown in Fig. 2 (b) (amd'espectlvely
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Fig. 2. 640 Gbit/s lab-trial. (a) 40 Gbit/s spedtrahe compression stage, (b) 640 Gbit/s dataegds the transmitter output, measured by a 700 GHz
sampling scope, (c) 640 Gbit/s after 26km SMF+24Rif at the input to the SOA, (d) Spectra of thauiputput of the SOA showing the 640 Gbit/s data

and 40 GHz probe, and spectrum of the demultipl&@ebit/s after the BPFs (phase comparator output)

The clock recovery circuit, shown in Fig. 1, is@gtical injection-locked loop containing an SOApdEse comparator, a
40 GHz mode-locked fibre ring laser (MLFL-2) emmitfi<1 ps pulses a,=1538 nm, and a Gunn oscillator in injection-
locked mode. The SOA is designed with a high optioafinement for optical signal processing, and tiee following
characteristics: length 1.9 mm, polarization dejpeicé 2-3 dB, small signal gain 13-14 dB, saturadiotput power 12 dBm,
recovery time ~8 ps, and it is biased to 400 mAe BTAO Gbit/s data is coupled into the loop andcieje to the SOA with an
average power of only 0 dBm, together with the 4z@robe pulses from the MLFL-2 at -14 dBm. Theadatts as a pump
and modulates the SOA gain, which results in goiidy of the probe pulses. This chirp is extractgdwmn narrow BPFs,
centered at 1536 nm, resulting in a 40 Gbit/s itedecopy of the baserate channel data onto theegpualse train [4]. This
40 Gbit/s demultiplexed data signal is detected B8 GHz photodiode followed by a transimpedancgliier. The
resulting electrical 40 Gbit/s is injected into tBann oscillator which is in injection-locked opg&oa. The free-running
resonance frequency of the Gunn cavity is mechliyizaable, and a DC supply to the Gunn diodevedldor fine-tuning.
When injected with a 40 Gbit/s signal, the Gunnltzdor emits a high-quality electrical sine at @®iz. This is used to
synchronize the MLFL-2 via an internal phase-loclaap. The CR loop length is adjusted by a variaigtcal time-delay
At, in order to fulfill the phase-matching condititor the 40 GHz baserate of the incoming OTDM dégaal.
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3. Results
The 40 GHz clock is successfully recovered with |iter from the 640 Gbit/s data after the 50 kmSNDF span.
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Fig. 3. Recovered 40 GHz clocks in 640 Gbit/s al-t(a) Spectrum of recovered electrical clod®, $ingle side-band phase noise measurements on
electrical clock when &0 dBm, (c) Timing jitter values obtained by inteting the SSB phase noise over the intervals 10MHz and 100Hz-10MHz
for short/long PRBS and different data input powterSOA, (d) Optical clock (MLFL-2 pulses).

Fig. 3 shows the spectrum (a), single side-ban@)p8Base noise measurements (b), and timing jitdeof the recovered
electrical clock from the Gunn oscillator, as walthe optical clock pulses from the MLFL-2 (d) eT®SB phase noise of
the electrical clock was measured for PRBS 2nd 3%-1 data patterns. Furthermore, the dynamic rangleeo€R circuit
was investigated by varying the data input poweh&SOA over a 6 dB range, from,g= 0 dBm to -6 dBm (both for long
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and short PRBS). Fig. 3 (a) and (b) show the spetand phase noise, respectively, of the recoveledrical clock in the
case of Ry,= 0 dBm. Integration of the measured SSB phasesrsgectra over the ranges 10Hz-100MHz and
100Hz-10MHz, yields the timing jitter values shoimnrfig 3 (c). These reveal the low power requirenténthe CR circuit
since the electrical clock jitter remains low (<1fSpfor data powers down to -6 dBm, both for lergl short PRBS
patterns. As another advantage, the optical clotses obtained from the circuit (see Fig. 3 (dd)) be used directly for
demultiplexing, i.e. in another SOA [4]. The circhas the potential for integration, since the MEELan in principle be
replaced by i.e. a semi-conductor based pulse sourc

A field-trial was also conducted in order to tdst performance of the CR circuit in the presendeasfsmission-induced
phase fluctuations of the incoming data signal. &gerimental set-up is shown in Fig. 1. The figlstalled fibre is located
around the city of Eindhoven in the Netherlandsl eonsists of 54.3 km of standard SMF. The disparsi the link was
post-compensated by using appropriate lengthsspedsion-compensating fibre. Due to insufficiespeirsion-slope
compensation, it was not possible to transmit #& @bit/s data, since the pulse broadening aftelitik was too large. The
data rate was therefore lowered to 320 Gbit/s thediata pulses before/after transmission are shoWwig. 4 (a). Compared
to the 640 Gbit/s lab-trial, there are a few micbanges in the set-up. Due to the different dispensrofile of the field-link,
the wavelength allocation of MLFL-1 and -2 are dafhtod,;=1542 nm and,=1563 nm. The last filter in the compression
stage is a 5 nm BPF, resulting in broader ~1 psesulAt last, the data input power to the SOA dfigent gain modulation
is Pyata=6 dBm, which is attributed to an asymmetry in 8@A spectral gain-profile and the broader datagsu(fower peak-
power). The results of the field-trial are showrFig. 4 (b-e). The 40 GHz clock is successfullyorezred from the 320 Gbit/s
transmitted data, both for PRBSRand 2-1. The spectrum and SSB phase noise of the reedhedectrical clock are shown
in Fig. 4 (b) and (c), respectively. Timing jitteailues obtained by phase noise integration are stoWwig. 4 (d), measured
for short/long PRBS and;R=6 dBm and 3 dBm. After transmission over the figlstalled link, the CR circuit is able to
recover the clock with a 10Hz-100MHz timing jittesver than 200 fs (for B> 3 dBm).
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Fig. 4. Field-trial. (a) 320 Gbit/s OTDM data befand after transmission, (b) Spectrum of recovéfe@Hz electrical clock, (c) Single side-band ghas
noise measurements on the electrical clock, (d)rignitter of the electrical clock, (e) Recoveredl @Hz optical clock.

4, Conclusion

We have demonstrated 40 GHz baserate clock recavar$40 Gbit/s OTDM lab-transmission over 50 kite used a
potentially integrable clock recovery circuit wahhigh jitter-performance and low power requireraeifibe circuit was an
injection-locked loop with a SOA as optical phasenparator. The recovered clock maintained a laerjit<150 fs) at data
input powers as low as -6 dBm. Furthermore, a fieddsmission over 54.3 km of 320 Git/s data comdid the capability of
the clock recovery circuit to produce a low-jittdock (<200 fs) in the presence of transmissionsaedl phase-fluctuations.
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