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Abstract: We demonstrate 100 km transmission at 28 Gbitésficbl of 4 DWDM channels using
a single quantum-dash mode-locked laser. The amplitnoise of each filtered laser line is
improved using limiting amplification in an SOA.

OCIS codes:(140.4050) Mode-Locked Lasers; (060.4510) OpfZainmunications

1. Introduction

Various low cost transmitters have been proposesblagions for wavelength division multiplexed (WDMassive
and broadband optical access networks. These @mdutaire mainly based on spectral slicing of broadba
incoherent [1] or coherent [2, 3] sources. Quantash mode-locked lasers (QD MLLs) are attractiveabee they
present very low amplitude and phase noise, highrthl stability and emit a broad optical spectrumn g]. A
WDM source with nearly 30 channels on a 40 GHz gadld be realised using a single laser [7]. Howeaenajor
limitation in comparison to single-mode lasers whsing the wavelength comb of a Fabry-Perot lagmted(FP
LD) as a WDM source is the increase of relativensity noise (RIN) of the selected mode due to npatétion
noise [6, 7], particularly in the low frequency g&n This limitation was mitigated at 2.5 Gbit/&} thanks to the
injection-locking mechanism in a FP LD. Howeveiistbolution has never been shown at higher bit rateecond
solution consists in using a semiconductor optérablifier (SOA) in the gain compression regime educe the
mode partition noise. It was demonstrated in [9lhwa spectrally filtered FP LD at 10 Gbit/s. Thechnique
happens to be particularly attractive since it gdsavides gain to the selected line and is comfmatiith photonic
integration. To the best of our knowledge, thishméthas never been assessed with a frequency cengaged by
a QD-MLL, that could validate the concept at highierates, for which the RIN contribution beconmesre critical.
In this paper, we demonstrate the first WDM trarssion of four 100 GHz spaced channels, each matlikzt
28 Ghit/s, generated using a single QD MLL followsdan SOA limiting the RIN of each individual &ted mode.
Transmission over 100 km of a capacity of 112 Ghifith less than 0.5 dB penalty proves the concept.

2. Laser structure and characterisations

The active region of the QD MLL is composed of quam dash layers with InGaAsP quantum wells in ar{~ab
Perot (FP) structure [4]. The geometric structgra iburied hetero-structure with an FP cavity leraft 420 pum,
resulting in a free spectral range of 100 GHz. Thi is placed in a module in order to improve toeipling
stability. The optical coupling is realized usingjlblenses. The total coupled power for a biasentrof 150 mA is
+6 dBm at 22°C, which are the operational condgiaeed in the following system experiment. Fig) S{@ws the
optical spectrum at the output of the laser untdesé conditions. The spectral width is 7.3 nm atB3covering
10 modes (numbered from 1 to 10 in Fig. 1(a)).

A commercially available SOA, consisting of a 1 mamg InP buried heterostructure, was used for RIN
reduction (CIP). It was biased at 180 mA duringtlai experiments, leading to 20 dB small signahgaid 6 dBm
saturated output power.

The RIN of the laser was deduced from measurematie spectral density of optical noise and eieatr
power [10]. The results are presented in Fig. 1{then all modes are jointly detected, the RIN (gjes below
-135 dBc/Hz thanks to the small amplified spontarse®mission noise of this kind of laser [4]. Whesiregle mode
is selected, the RIN increases due to mode partitmse. The RIN spectrum of the noisiest lineh#f frequency
comb (channel #8) is shown in purple in Fig. 1{tie RIN measured when this same selected modepkfiath by
the SOA is represented by the blue line in Fig.).lis expected, the RIN decreases in the low frequeange
(below 4 GHz) thanks to the SOA gain compressiorsirAilar behavior is observed for all modes, véliug the
RIN limiting effect of the SOA with our QD-MLL combenerator. Next, the benefits of this techniqué e
highlighted in a high-speed WDM transmission expeiit.



-80
(@ . (b)
Channel# 12345678910 Mode # 8 selected with SOA (blue)
E_zof -1OOM 1
%/ = OM Mode # 8 selected (purple)
=30 1 T.a20f e
g S V AR AW P i,
a -40- 71 zZ-140f
4
-50- 7
0 -1601 All modes (green)
4835 1540 1545 1550 1555 1560 1565  -180; > 2 6 8 10

Wavelength (nm) Frequency (GHz)

Fig.1 (a) Optical spectrum of the QD-MLL. (b) Reélatintensity noise spectra of all jointly-detecteddes of the QD-MLL (green), of line #8
alone (purple) and of line #8 alone after amplifima by the SOA (blue).

3. 4x28 Gbhit/s WDM transmission setup

The experimental setup is presented in Fig. 2(a}ha transmitter, the QD-MLL is protected by aalador and its
output is amplified by an erbium doped fiber anietifEDFA), which could, in principle, be replackyg an SOA
for integration purposes. Four adjacent modes elext®d with a multiport filter (corresponding thannels #7 to
10 in Fig. 1(a)). These channels include the spkdine that shows the highest intensity noise [# The

programmable filter transfer function consists adirf flat-top passband regions spaced by 100 GHzwaiid3 dB

bandwidths of 60 GHz. Each channel will, in turayé its RIN reduced by the saturated SOA and bb/zeth at

the end of the link. The SOA input power variedwen -6 dBm and -3 dBm depending on the channel {du
lines power variations of the laser spectrum), eswonding to a gain compression comprised betwegedB and

8 dB.

The four channels are then combined in odd-evers peith two 3 dB couplers and modulated in the &n-o
keying (OOK) format by two Mach-Zehnder modulat¢kéZs), each driven by a®21 pseudo random binary
sequence (PRBS) at 28 Ghit/s. Adjacent channelmarthilated by a different MZ modulator and are urelated.
The two pairs of modulated channels are then coedbtogether through a third 3 dB coupler. Their povs
equalized using optical attenuators. The chanmelshen amplified before being injected into th@ kén link made
of non-zero dispersion shifted fiber (NZDSF) witlclaromatic dispersion of +5 ps/nm/km at 1550 nme pbwer
per channel is 0 dBm at the link input. Chromatispdrsion is compensated by a dispersion compegsati
fiber (DCF). The propagation losses are compenshyednother EDFA. The channel being investigatethen
selected with a 100 GHz 3 dB-bandwidth flat tofefiland analyzed at the receiver.
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Fig.2 (a) Setup for system experiments. (b) Biberate as a function of receiver input power inkto-back (B2B), after 100 km WDM
transmission for channels #7, 8, 9 and 10 withetse of the SOA and with SOA.

4. Results

Fig. 2(b) presents the bit error rate (BER) evolutias a function of the receiver input power foffedent
configurations. The open triangle curve is a rafeeecurve obtained using an external cavity simgtele laser
(ECL) in a back-to-back (B2B) experiment (transerittlirectly in front of the receiver). The full drigle curve is
obtained with the ECL after 100 km transmissionratie same link, showing no significant degradatibme circle
curves are obtained for each investigated charftezl E00 km transmission without the use of the S&#or floors
appear between foand 1, depending on the channel, because of the inaieB#e when a single mode is
selected. The square curves are those obtainadiadténtroduction of the SOA. These curves areelm the case
of the single mode laser curve, showing less thamlB penalty at a BER of f0This shows that the RIN reduction



in the 0-4 GHz range produced by the SOA leadstwmlty removal and error floor suppression in taegmission
experiment, allowing the transmission of 4 WDM chels at 28 Gbit/s using a single laser.

In order to further investigate the condition ofecgtion, the impact of the input power to the SOAthe
transmission quality of channel 9 is studied n&xdr that, the setup presented in Fig. 2(a) is wsitl the SOA
placed at the output of channel 9 and with a végiglbwer in front of the SOA. The BER as a functafreceiver
input power is measured at different SOA input peasnd the power penalty at a BER of°1i§ calculated with
respect to the single mode laser reference afteki® (Fig. 3). It can be observed that, at poweele higher than
-7 dBm, corresponding to a gain compression lattgem 5.5 dB, the transmission penalty is smallanth dB. This
should therefore be the SOA minimum input powerdition for the RIN to be suitably reducedls a consequence,
considering a QD-MLL laser generating 10 channeld & dB losses in the channel demultiplexer, thpiired
power level in front of the SOA remains compatibligh the use of a single SOA as a booster stagerbdhe
demultiplexer. This makes a potential integratiosgible.
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Fig.3 Penalty at a BER of £@fter 100 km transmission as a function of inpwer to the SOA.

5. Conclusion

In conclusion, we have achieved for the first tithe transmission of four WDM channels with 100 Géfmcing
using a single QD-MLL laser followed by an SOA a¥%V®M transmitter. The total capacity of 112 Gbias
reached with 28 Gbit/s per channel modulation evdistance of 100 km. The SOA was used as a ligh@mplifier
for mode partition noise reduction, leading to mupraciable penalty after 100 km for all four WDMacimels
compared to a single mode external cavity laseis Worth noting that the scheme could be extertdetthe ten
modes available from this laser, thus offering taltoapacity of 280 Gbit/s with a single laser. SThiould require
using a wavelength demultiplexer instead of théndrmel filter. This work demonstrates that the ofa single

QD-MLL followed by an SOA as a WDM transmitter is cast-effective solution for WDM passive optical
networks.
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