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Abstract: We describe a 64 x 43 Gb/s unrepeatered trangmissiperiment over 440 km of
ultra-low loss fiber with third-order Raman pumpiiye then compare coherent transmission at

40 Gh/s and 100 Gb/s in unrepeatered conditions.
OCI S codes: (060.2330) Fiber optics communications; (060.1886ferent communications

1. Introduction

Unrepeatered transmission systems aim at longndistawithout any in-line active elements, thus catythe line
complexity and the overall system cost. Since ndenwater active electronics are required, all pulmpge to be
provided from the shore ends. Typical transmis$émyths are a few hundred kilometers. Today, almtissuch
systems operate at bit rates of 10 Gb/s. Howebher,demand for increased capacity is rapidly movirigrest
toward 40 Gb/s and above. At these higher bit rg@srization division multiplexed phase shift key modulation
format associated with a coherent receiver is ssethe preferred candidate because digital sigaepsing can
compensate chromatic dispersion and PMD, thus mgabpgrade of already installed systems.

Two different trends can be seen: initially, un@peed systems aimed at the longest possible detaeven
with only a few channels [1]. Recently, the treadd increase the number of channels in orderduvige capacities
above 1 Th/s. To date, experimental demonstratdigl x 40 Gb/s over 230km [2], 32 x 40 Gb/s ove2ldn [3],
26 x 100 Gb/s over 401 km [4] and 40 x 100 Gb/g 865 km [5] have been achieved.

In this paper, we demonstrate the transmission4ofP6larisation Division Multiplexed (PDM) RZ BPSK
channels at 40 Gb/s over 440 km which is, to owwwkadge, the longest high-capacity transmissioregrgent
published to date. We apply a practical configorationsisting of only one type of fiber, over whiatith the signal
and the pumps are propagated.

In the light of this 2.56 Tb/s experiment, we azalyhe best configuration to achieve high capdaitgre than
2 Thb/s) between 40 Gh/s or 100 Gb/s bit rates; igeuds the pros and cons of the two solutions basedur
experimental results at 40 and 100 Gb/s.
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Figure 1: System configuration
2. System configuration

Figure 1 shows our experimental set-up: 64 DFBrlatiedes with wavelengths ranging from 1536.61 to
1561.83 nm (50 GHz spacing) are combined two by W even and odd channels are modulated by sepaza
BPSK modulators. Each modulator is fed with*22long PRBS sequence at 21.4 Gb/s. This bit-reteunts for
the 7% overhead of a concatenated BCH FEC, whiofects a BER of 4 19(Q? =8.5 dB) to better than & The
output from the BPSK modulator is polarization riplétxed by splitting the signal, rotating the piation state of
one arm, decorrelating by hundreds of symbols witfelative delay, and combining with a Polarizat®eam
Combiner (PBC) to produce the PDM-RZ-BPSK signad&iGb/s. The narrow spectrum of the RZ-BPSK format
enables 50 GHz spacing without any special digitatessing at the receiver. Finally, the even add cdhannels
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are spectrally multiplexed by a 50-GHz Interlea#) and amplified through a high-power Erbium-Ytieim
Doped Fiber booster Amplifier (EYDFA) providing tp 33dBm output power.

The link consists of Enhanced -Pure Silica CoreeFiEPSCF) with 115 um? effective area and ultra lo
attenuation. This fiber is at an industrial staggd can be cabled easily. The total loss of the74d®-long link is
71.5 dB, which corresponds to a mean fiber attéowadf 0.163 dB/km including the splices. The cuatet
chromatic dispersion is close to 9000 ps/nm.

A Remote Optically Pumped Amplifier (ROPA) is pldcat 146 km from the receiver end. The ROPA is
counter-directionally pumped by a Raman Fiber L&BR&i.) located at the receiver side. This RFL dat/5.3 W
at 1276 nm. Over the fiber, the energy is transfefrom 1276 nm to a wavelength band around 13@0tlaen
1483 nm, through cascaded Raman amplification. Metails can be found in [6]. Since the 1483 nm pamd the
signal are propagated over the same fiber, thakigmlso amplified by the Raman effect in the otarsection. The
total signal gain (Erbium and Raman) provided l®y/R¥L is close to 40 dB.

At the receiver end, each channel is selected tunable filter and sent to the polarization-divigrgioherent
mixer. The mixer combines the selected channel wi\W (unlocked) local oscillator. The phase offsetween
each of its four output ports is 90° so as to sy in-phase and quadrature components of thetdreas between
the incoming signal and the local oscillator. Thesenponents are converted into electrical wavefobymgour
balanced photodiodes. The resulting electrical feaves are digitized by analog-to-digital converteperating at
50Gsamples/s with 16-GHz electrical bandwidth andesl. They are then processed off-line in a peisoomputer
to compensate for signal distortions induced bycapfiber transmission. This is done by applyiimgehr filters in
the digital domain in five steps: re-sampling aicevthe symbol rate, compensation of the cumulatedmatic
dispersion, polarization demultiplexing by meansaof adaptive equalizer in a butterfly structureariea phase
estimation and subtraction using the Viterbi andeii algorithm, and finally symbol identificatiofThe total
chromatic dispersion is digitally compensated, Isat tho optical chromatic dispersion compensatiordut® is
needed. Finally, the errored bits are counted BlBR is calculated, averaged over more than 1,000008, and
converted into the Q2 factor.
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Figure 2: WDM spectrum at the output of the lingk{t) and estimated OSNR (dB/0.1nm) (left)
3. Transmission results

Figure 2 (right) shows the spectrum at the oututhe line: all channels are roughly equalizedeiTlOSNRs
cannot be measured directly since the noise lergiat be accessed. The noise level is estimatswibghing off a
few channels, measuring the noise, and interpglatiese results. The OSNR is estimated from tharaidevel
and the interpolated noise. The resulting OSNRI¢evary from 11.3 to 13 dB/0.1nm between the chinrghe
BER of all the 64 channels is measured by off-pnecessing and the resulting @ctor is plotted in Figure 3. The
average Qz2-factor is 9.9dB, while the worst changelt 8.8 dB: all channels are above FEC limiBd& dB and
would yield a BER below I8 after correction by today’s commercial FEC with Berhead. The transmission
distance is limited by the channels in the low wergth region (around 1540 nm).

4. Discussion

We can now compare this experiment to our prevamesat 100 Gb/s: in both, the same line equipnseapplied,
namely a high-power booster and a third order R@RA EPSCF fiber. The fiber's effective areas aeestime too,
even if the fiber’'s attenuation is reduced in thespnt experiment (see Figure 3). In both, a capati2.6 Tb/s is
achieved with 50 GHz spacing, using either 26 x Gd0s PDM QPSK channels or 64 x 40 Gb/s PDM-RZ-BPSK
channels. The transmission at 100 Gb/s needs feWwannels and it therefore benefits from reduceds€ro
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Polarization Modulation and Stimulated Raman Sdatjebetween the channels. It covers an opticatiéith of
only 10 nm and can thus take advantage of the megib lowest fiber attenuation and lowest Raman RGPA
noise factors (1550-1560 nm). Comparing the wawghenof 1536 and 1555 nm, the difference in fiktegrauation
and ROPA noise figure totals more than 2.5 dB. B dther hand, the transmission at 40 Gh/s berfedits a
better OSNR sensitivity (while the theoretical difnce is 4.0 dB, an improvement of 4.7 dB is mesakin back-

to-back), and slightly better non-linear power tifdi- 2 dB) due to the BPSK format [7].
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Figure 3: @ -factor of the 64 channels after 440 km calculdteth the BER (left); comparison of 100 Gb/s andGH)s experiments (right)

We clearly obtain better results with the 40 Glitgdtte in spite of the larger bandwidth requirtite achievable
link loss is 4.5 dB higher than with 100 Gb/s chelan This corresponds to 28 km of fiber. An additib
improvement of 2 dB (12 km of fiber) is obtaineauks to the ultra-low fiber attenuation, so tha tbtal distance
is increased by 40 km (or 6.5 dB) compared to gawipus experiment at 100 Gb/s using the currestigilable
PDM-QPSK transmitters and receivers. However, f@nehigher capacities above 5 Th/s, it is expethed the
100 Gb/s bit-rate will yield better results, bea@tlse spacing of the 40 Gh/s channels then has teduced.

5. Conclusion

High capacity unrepeatered WDM transmission is stigated at 40 Gb/s, with the best available teldyy i.e.,
PDM-RZ-BPSK transmitters and coherent receivelig] thrder Raman pumping, and ultra low loss fil¥erecord
transmission length of 440 km and a record opticalget of 71.5 dB are demonstrated for a transthitégpacity of
2.6 Th/s, with @ factors above the 8.5 dB FEC limit. This experitng@monstrates an improvement of more than
4 dB over our previous experiment at 100 Gb/s trithsame capacity.

6. References

[1] P. Bousselet, H. Bissessur, P Brindel, E. Duetisl, . Brylski, D. Mongardien, “Record 505 km k¢peatered 4x43Gb/s APol-RZ-DPSK
Transmission” in Proc ECOC’08, Paper Mo4.E3.

[2] T. Miyakawa, |. Morita, K. Tanaka, H. SakatadaN. Edagawa, “2.56Thit/s (40 Gbit/s x64 WDM) yreatered 230 km transmission with
0.8 bit/s/Hz spectral efficiency using low-noisedi Raman amplifier and 170n2-Aeff fiber,” in Proc. OFC'01, CA, 2001, Paper PZ56-1.

[3] H. Bissessur, F. Boubal, S. Gauchard, A. HugHarLabrunie, P. Le Roux, J-P. Hebert, and E.n8n, “1.28 Th/s (32x43 Gb/s) WDM
unrepeatered transmission over 402 km,” in Pro®©ED3, Rimini, Italy, 2003, Paper Tu.1.6.3.

[4] D. Mongardien, P. Bousselet, O. Bertran-PafdoTran, H. Bissessur, “2.6Th/s (26 x 100Gb/s)dgeatered Transmission Over 401km
Using PDM-QPSK with a Coherent Receiver,” in PBB€0OC’2009.We;6.4.3

[5] J.D Downie, J. Hurley, J. Cartledge, S. TenB&kham, S. Mishra, X. Zhu, and A. Kobyakov, “40142 Gb/s Transmission over an
Unrepeatered 365 km Effective Area-Managed Spanp@ised of Ultra-Low Loss Optical Fiber” ifroc. ECOC 2010. Paper We.7.C.5

[6] P. Bousselet, D. A. Mongardien, P. Brindel,Bissessur, E. Dutisseuil, E. Brandon, I. Brylski85km Unrepeatered 4x43Gb/s NRZ-DPSK
Transmission” irProc OFC 2008. Paper OMQ7

[7] V.A.J.M. Sleiffer, M.S. Alfiad, D. van den Boen S.L. Jansen, M. Kuschnerov, S. Adhikari, H. Daa¥dt, “A Comparison of 43-Gb/s
POLMUX-RZ-DPSK and POLMUX-RZ-DQPSK Modulation foohg-Haul Transmission Systems”Rnoc. ECOC 2010. Paper Mo.2.C.4.



