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Abstract: A ring+tree PON is demonstrated from a 78 km reach rural to an urban 1:128 split configuration with field-deployed fibers at >31 dB budget and RSOA or SOA/REAM at the ONU. 2011 Optical Society of America OCIS codes: (060.2330) Fiber optics communications; (060.4250) Networks; (060.4230) Multiplexing



1. Introduction Passive optical networks (PONs) are the most promising solution for optical access as they provide low capital and operating expenditures. Combined with a colorless ONU and means of WDM/TDM multiplexing, cost-effective mass deployment can be obtained [1]. Nevertheless, PONs are compromised in their reach and customer density in case of extended optical loss budgets, where optical amplification becomes indispensible. A promising solution has been recently demonstrated in a high split trunk+tree WDM/TDM network [2], however, by placing electrically powered equipment in the optical distribution network and thus without retaining its desired passiveness. 2. Long Reach Ring+Tree 10 Gb/s PON Architecture with Remotely Pumped Amplifiers Alternatively, a remotely pumped amplification scheme can be applied. The proposed hybrid PON consists of a WDM ring as resilient feeder for the remote nodes (RN) that act as interface to local spur-like TDM access networks (Fig. 1), to which a single, amplified wavelength is dropped [3]. Fig. 2a shows the transfer characteristic for such a passive OADM ring element, whose DWDM filters have a thermal drift of 
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Fig. 1. Fully passive ring+tree PON architecture, featuring remote pumping in its network nodes and distributed pump delivered by the ONUs.
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OLT



c) b) drop DS add US RX Fig. 2. a) Transmission windows of RN1. b) Distributed pump delivered by the ONUs. c) Evolution of signals and pumps along the rural PON.



simple and commercially available components (Fig. 1) though the designs might appear as complex at first glance. Two nodes at 1551.72 nm (RN1) and 1560.2 nm (RN2) were deployed, whereas RN1 was located not farther than half the ring span and RN2 was used to investigate the worst-case scenario of having a fiber cut directly at the West OLT port, meaning the farthest distance from the East OLT side. Three scenarios have been chosen, reaching from an urban with short reach and high split to a rural with long reach and low split (see table in Fig. 1). A pump of 0.7W at 1480 nm was emitted by a fiber Raman laser at the OLT along the ring to supply the RNs. For the case of having further RNs, a stronger pump or an extra pump fiber would be required. A set of 10 wavelengths is injected into the downstream ring with 3 dBm/λ (see inset in Fig. 1). While 4 signals are related with RNs and distributed to their trees, the remaining 6 channels act as ballast to account for users loading the network. DCFs were included at the OLT in some cases to investigate the impact of chirped upstream for a certain amount of residual dispersion DR. In the suburban scenario, the ONUs feature SOA/REAMs [4] for full-duplex 10 Gb/s transmission (PRBS 2311), while the distributed ONU pump reduces the net splitting loss in the tree. The loss budget of 31.2 dB corresponds to GPON class C or 10G PON Extended Class. Fig. 2b shows the chirped pumps of 9.4 dBm per pump wavelength (i.e. ONU), which result in a reduction of the splitting loss of ~14 dB and ensures an ONU input of -5 dBm. An ASE source has been included at the splitter (type U, CA) to account for noise accumulation across the M EDFs at the first 1:M stage. However, there is no additional degradation due to the already low upstream OSNR of 25.5 dB. Dummy and Ballast ONUs were included in several trees and the ring to account for potential saturation of EDF and Raman gain. The OLT receiver is composed of a dual-stage preamplifier with a short, highly linear first stage and a longer, gain-stabilised second stage. The reception filter was centered in respect to the upstream. The BER measurements at RN2 (Fig. 3a-c) indicate that dispersion management is required due to the chirped upstream. A BER of 10-10 can be reached in case of half-duplex continuous-mode (CM) upstream (DR=260ps/nm) and also for a GPON-compatible burst-mode (BM) frame and a duty cycle of 1:4, when the EAM and also the SOA section is gated. On the contrary, for a single ONU per tree an excess gain is experienced in the EDF of the splitter, next to negligible overshoots of 0.2 dB thanks to gain clamping by the downstream. With a second, 6 dB louder ONU at the second tree splitting stage that emits packets directly before the weak ONU inside the TDM frame (see inset Fig. 3a), a penalty arises; however, with a Reed-Solomon (255,239) FEC the transmission can be still maintained. The downstream (Fig. 3b) is not degraded by the BM upstream amplification in the common EDF since it arrives strong and sets the population inversion constant. No severe distortion is visible in the CM downstream envelope and a penalty of just 0.7 dB is caused at a BER of 10-10. Finally, full-duplex transmission at 10 Gb/s has been achieved with an electrical feedforward downstream cancellation, which forwards the detected downstream pattern to the upstream modulator for synchronized counter-injection [3]. The optimum downstream extinction ratio (ER) has been found with ~4 dB (Fig. 3c), for which a BER of ~10-6 below the FEC level can be obtained for full-duplex CM-down- and upstream. A long reach rural scenario that places the RNs at 50 and 75 km has been further investigated for ONUs based on a high-gain RSOA [5]. In the demonstrated resilient case, RN1 is pumped from the OLT while RN2 receives its pump from the ONUs. The modulation rates for CM down- and upstream were 10 and 10/2.5 Gb/s, respectively. The evolution for the signal and pumps is shown in Fig. 2c. RN1 at 50 km receives the OLT pump with 16 dBm, so that a strong downstream of -11.5 dBm can be provided to the ONU for a tree split of 1:16. The upstream OSNR can be maintained as high as 31.1 dB. For RN2 at 75 km, the pump from the OLT is too weak to provide the required gain for the given optical budget. However, the ONUs of one tree are able to deliver 12.7 dBm to the RN, and thus the downstream can arrive with -20.3 dBm to the ONU, which is still acceptable for the RSOA [4]. The upstream
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then arrives with -15.6 dBm and an OSNR still >20 dB at the OLT. The BER measurements (Fig. 3d-e) indicate that downstream reception is possible at RN2 with FEC. For a lower split of 1:8, error-free operation (BER of 10-10) can be obtained, having a penalty of just 1.6 dB with the SOA+PIN receiver compared to an APD. While a 2.5 Gb/s upstream is received at 10-10 BER for RN1 even without dispersion management, Rayleigh backscattering at the drop fiber from the upstream into the weaker seed light of the RSOA require FEC for the farther RN2 (Fig. 3d). The high chirp of the RSOA dominates the performance of the 10 Gb/s upstream, for which dispersion compensation is indispensible to reach the FEC level. In case of an overcompensated link (DR10 dB for the 10 Gb/s upstream over a loss budget of 32.2 dB (78 km and a split of 1:16) at the FEC level, proving that RSOAs are promising candidates for their deployment in next-generation PONs. 3. Field Trial with Commercial Off-The-Shelf Components in an Urban PON An urban PON configuration was further evaluated with field-deployed ring fiber. With the given excess loss, the ring budget (L1+L2) was 10.2 dB, while the tree split was 1:128 with an intermediate EDF after the first 1:8 splitting stage in the tree as in the suburban scenario (splitter type U). A commercial TO-can RSOA with a small signal gain of 14 dB and a pre-equalized modulation bandwidth of 2.5 GHz was used for 2.5 Gb/s transmission. The 10 Gb/s downstream was launched with 6 dBm/λ and no DCF was placed at the OLT. With this, the upstream arrives with an OSNR of 23.7 dB. Fig. 3f shows the BER measurements at RN2, which indicate that despite patterning effects from RSOA gain dynamics, a low upstream BER can be reached over an overall ring+tree loss budget as high as 34.2 dB. 4. Conclusion A novel PON architecture with fully passive fiber plant has been demonstrated, proving reflective modulators to be feasible for high data rates (10 Gb/s) and extended loss budgets (>31dB). On top, for the first time a RSOA has been demonstrated for 10 Gb/s upstream transmission over a loss budget of 32 dB, without electronic post-processing. Acknowledgement: This work was supported by the European FP7 SARDANA, EURO-FOS and FUTON projects, and the Spanish MICINN TEC2008-01887 and FPU program. The authors want to gratefully acknowledge Keopsys for the pump supply.
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