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Abstract: We transmit 96 PDM-QPSK channels at 100Gb/s ole680km, matching the best
capacity x distance product reported, but with @Gebanly EDFAs. 2.7b/s/Hz spectral density is

obtained, despite 23% super-FEC overhead, witltalptpectral engineering.
OCIS codes:(060.1660) coherent communication; (060.4510)captommunication.

1. Introduction to the style guide, formatting of nain text, and page layout

Recent publications have shown the possibilityafering transoceanic distances with coherent-basstulation
formats at 100Gb/s [1-4]. A large majority of these Raman amplification to provide a good optiagahal-to-
noise ratio (OSNR) over the extremely long distan¢towever, it has not yet been implemented incomymercial
submarine cable, where well-mastered, reliablerteldyies are mandatory.

We use here only erbium-doped fiber amplifiers (BB} similarly to recent works [4,5]. We transm@ 9
channels at 100Gb/s with polarization-division riplétxed quadrature phase-shift keying (PDM-QP SK) &
cumulative capacity of 9.6Tb/s, over 11,680km neairculating loop based on 50km ultra-large effecarea fiber
spans. We therefore match the best reported cgpadistance product to date (112Pkis) [3], but without costly
L-band or Raman amplification [3] and by relying standard receiver algorithms, free of complex ctair
schemes such as maximum a posteriori probabilitgR)Mestimation [4]. We show that this performaneaa be
obtained with optical spectral engineering and sfipsvard error correcting code (FEC).

With the advent of coherent systems, the field©EE has recently gained momentum. Up to now, th& mo
common FEC in wavelength-division multiplexed (WDW¥ansmission systems at 10Gb/s and 40Gb/s bi-tetes
a concatenated code assuming hard-decision, witbv&tead and a net coding gain (NCG) of ~8.5d&]ileg to
an FEC bit-error rate (BER) threshold o1@® [6]. An alternative hard-decision code, with 25%head, is also in
operation over some commercial submarine cabl&8@b/s and corrects a BER of 1.3%(@dB Q2-factor). By
comparison, a super FEC uses soft-decision FE@Cam@chieve more than 10dB of NCG. With a comparabl
overhead (23.6%) [7,8], such a FEC could corred®8Ep to 2107 (6.25dB Q2-factor). It was demonstrated
experimentally at 10Gb/s in 2003 [7], and realigte@ MOS VLSI technology in 2006 [8]. It requiresmplex
analog-to-digital converters at the receiver whiatlpfully, are included in all coherent receiveatieswever, the
benefits of super FEC cannot be evaluated onlyghdihe NGC and the maximum BER that can be comledteey
can be undermined by the increase of overheadtiresin impairments from electronic components amdreater
linear and nonlinear crosstalk from WDM channebhéiors. In our experiment, we assess the impatiese
impairments by operating at 128Gb/s and 112Gb/srtolate super FEC and conventional FEC, with 7ét28%
coding and protocol overheads, respectively. Desp# very narrow channel spacing (37.5GHz), wéeaeh
transmission over transpacific distance.

2. Experimental-setup

Our test-bed is depicted in Fig. 1. It involvesdigtributed feedback (DFB) lasers, ranging from3.83nm to
1561.83nm, spaced 37.5GHz apart, which are comhintedwo spectrally-interleaved wavelength conmfise two
combs are passed into two separate QPSK modulédrssith 2°-1 bit-long sequences at 32Gb/s, emulating 23%-
FEC overhead and protocol overhead. A 3dB coupliisghe output of each modulator into two polatian-
maintaining fiber paths, which are delayed by heddrof symbols, before being recombined througblarization
beam combiner (PBC). This produces PDM-QPSK dai28Gb/s. The odd and even channels are spectrally
interleaved through a commercially available 37.%@gtical interleaver with programmable transferdiion.

After the interleaver the optical comb is boostgdilmual-stage EDFA and is injected into the redating loop.
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Fig. 1. Experimental setup

The loop consists of eight 50km spans of a newopype fiber from Draka with an ultra-large effeetiarea of
155umz2, an attenuation of 0.185dB/km at 1550nm,aacldromatic dispersion of 21.7ps/km at 1550nm. No
dispersion-compensating fiber is used in the expent. The loss of each span is compensated forsbhgée stage
980-nm pumped EDFA followed by a gain-flatteninltefi for channel-to-channel equalization. Furth#juatment
is performed with a dynamic gain equalizer, locdietiveen two EDFAs. Filling and emptying of thepgds
controlled by two acousto-optic switches, triggebgdime-delay generators, synchronously with tiERB
measurement equipment.

At the receiver end, the signal is pre-selectetl wiharrow tunable optical filter and sent to thalepolarization
coherent receiver. The receiver is based on airal50GSamples/s sampling scope with 16 GHz barttwid
interfaced with a computer for offline processify [Chromatic dispersion of up to 295ns/nm is @iyt
compensated for.

Waveform engineering is undoubtedly a promisintfiffer performance improvement. We focused here on
spectral engineering, targeting the largest filliatio of the 37.5GHz channel grid with 32Gbaudalg. This
suggests reshaping the spectrum of each chanaedqoare-like profile [10]. We adjust our prograrbheaoptical
filter with 34GHz bandwidth at 25dB (i.e. with teeepest leading and trailing edges achievableauith
equipment), while the top of the intensity respoissengineered to follow a quadratic intensity peodf variable
depth in dB.
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Fig. 2.Benefits of optical spectral engineering. In thgets, measured signal spectra (1pm resolutidte), fiower responses &
eye-diagrams along one polarization.

3. Results

We measure the‘@actor of one typical channel in back to back withWDM neighbors and normalize it to the
reference &factor of the same channel without filter (actyafiassed in a large noise-rejecting optical fitlich
induces with no noticeable signal truncation). Tfiédds the so-called Ggain, reported in Fig 2. The gain is
measured when the filter centre depth is variedetidr the channel is surrounded by neighbors ontncan be
seen that the &factors are almost unchanged when the neighbatiagnels are removed, which shows that
channel-to-channel crosstalk is well-containedllifilter configurations investigated here. Figaldo depicts a few
typical spectral profiles and the corresponding@iggrams of one polarization tributary, when sumted by
neighbors. One conclusion that can be drawn framibasurements is that the narrow profile of taedsrd flat-
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Fig 3. (a) Impact of FEC overhead on performancesusdistance; (b) actos of all the 96 channels after 11,680km;
(c) Statistics of &factor over 4000s at 1547.31nm after 11,680km.

top filter is found responsible for 0.5dB penaltighwrespect to the no-filter reference. Engineetimgspectral
response according to a quadratic profile withatzle depth enhances the power of the spectral coemp® which
are farther from the carrier frequency, and tRda@tor can become larger than that of a singl@cibwithout
optical filter. Interestingly, the optimum depth @B) was found identical in the back-to-back égumfation of Fig.
2 and after transmission. We therefore chose #iting in the rest of the paper.

We feed the recirculating loop with the above sigid8, 23, 28 and 33 loop round-trips correspogdo
7,250km, 9,270km, 11,280km and 13,300km. To evalttet impact of the increased FEC overhead the
measurements have been taken at 28GBaud and 32@Bthete distances. We report in Fig. 3a the geera
performance (over a dozen channels) in the mididileesoEDFA band versus distance at 112Gb/s (grageles) and
128Gbl/s (red squares). A point at 11,280km (grayndind) indicates the*@actor with a simple flat top filter at
128Gb/s. The average’@actor is 9.85dB and 10.95dB respectively at 128Gind at 112Gb/s after 7,250km. It
decreases down to 7.57dB and 8.75dB respectividy 58,300km. The impact of an FEC overhead ineréasn
7% to 23% is therefore in the range of 1dB, to i gared with the 0.6dB line rates ratio-(@§(128/112)). This
Q*factor degradation stays within acceptable lirdigspite the narrow channel spacing. Hence, thectietiuof the
Q*factor FEC threshold (2.2dB) stemming from the 0623%-overhead super FEC clearly outweighs the
degradations due to crosstalk and propagation mmgaits. Note that no BER could be recorded witlogtical pre-
filtering. Besides, the fine optical spectral eregiring of Fig. 2 is found to provide a 1dB Q2-fadtoprovement at
11,280km distance. By simply extrapolating the esrof Fig. 3a, this improvement can be translatzd mto a
valuable ~2500km gain on the propagation distance.

Fig. 3b shows the results obtained at 11,680kmyrevhk the 96 channels have been measured. Thagever
Q*factor is 8.1dB and the worst@actor across the WDM comb is 7.0dB, still 0.75at®ve the FEC threshold. In
Fig. 3c, we reported the statistics d¥factor recordings over 4000s for a typical channemely at 1547.31nm.
The measurements are found very stable, with sterikviation below +0.25dB.

4. Conclusions

We have demonstrated a transmission of 96 x 100&b&5Hz-spaced channels over 11,680km. We usesteoh
detection, polarization multiplexing, QPSK modutatiformat and ultra-large effective area fiber. Toenbination
of 23% overhead FEC and optical spectral engingesivable the high spectral information density.@b%s/Hz
with minimal increase of propagation impairmentisefiefore our experiment matches the best repodeaoity
times distance product (112P##®) while employing only C-band EDFAs.

The authors would like to thank the French puhlitharities for partially funding this work throughe
STRADE project.

5. References

[1] H. Masuda et al., Proc. OFC’'09, PDPBS5, (2009) [7] T. Mizuochi et al., Proc. OFC’'03, PD21 (2010)
[2] G. Charlet et al., Proc. OFC’'09, PDPB6 (2009) [8] K. Ouchi et al., Proc. OFC’'06, OTuK4 (2010)
[3] M. Salsi et al., Proc. ECOC '09, PD2.5 (2009) [9] J. Renaudier et al, Opt. Expreiss 5112 (2009)
[4] J.-X. Cai et al., Proc. OFC'10, PDPB10 (2010) [10] G. Gawvioli et al., Proc. OFC’10, OthD3 (2010)

[5] M. Salsi et al., Proc. ECOC’10, We7C3 (2010)
[6] ITU-T G.975.1, Forward error correction for hipit rate DWDM
submarine systems [S], 2003.



