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Abstract


We experimentally demonstrate an optical Burst-Mode Wavelength Converter (BMWC) that simultaneously provides power equalization and wavelength conversion of Non-Return to Zero-On/Off Keying (NRZ-OOK) data and operates up to 20 Gb/s. It employs a balanced, differentially-biased, Semiconductor Optical Amplifier-Mach Zehnder Interferometer (SOA-MZI) operating in deeply saturated regime and its performance is evaluated at 10 Gb/s and 20 Gb/s with loud/soft peak–power ratios up to 9 dB and 5 dB, respectively. Bit Error Rate (BER) measurements reveal error free operation with up to 6.1 dB BER improvement at 10 Gb/s and 3.51 dB at 20 Gb/s, while the use of a single SOA-MZI yields 50% reduction in the number of active components against state-of-the-art BMWCs. Finally, the proposed BMWC is evaluated in non-dispersion compensated 25 km fiber transmission experiment, providing error-free operation with 1.43 dB BER improvement, validating its capabilities for potential employment in Passive Optical Networks (PON) and 5G fronthaul networks.
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1. Introduction


All-optical Wavelength Conversion (WC) and regeneration modules have been widely studied in the past two decades, having produced a large variety of principles, techniques and devices [1,2,3,4,5,6,7]. Semiconductor Optical Amplifier (SOA)-based devices have been a major class of widely used high-performance WC and regeneration modules, offering high-speed WC in different alternative configurations [8,9,10,11] and often deployed as highly compact integrated circuits. With SOA gain recovery time having been identified as the main line-rate limiting factor, the SOA gain dynamics have favored the use of Return to Zero (RZ) pulse formats in higher data-rate applications, reporting remarkable achievements in WC and regeneration layouts for RZ formatted data traffic with up to 320 Gb/s operational speed [12,13,14,15,16,17]. Nonetheless, with Non-Return to Zero (NRZ) data formats appearing as the clearly preferred modulation format choice over RZ pulses, research shifted towards SOA-based WC elements that could offer the necessary functionality even with NRZ data pulses at high data-rates [18,19,20,21]. Within this context, the differentially-biased SOA-Mach Zehnder Interferometer (MZI) scheme has probably prevailed as the highest-speed performing SOA-based WC for NRZ data, offering the best quality WC and regeneration characteristics up to 40 Gb/s, [21] and the highest possible cascadability potential [22].



However, when burst-mode traffic operation is targeted where data packets might have propagated through different fiber segments experiencing different losses and as such arriving with intense power fluctuations at the WC stage, wavelength conversion has to be preferably accompanied with power equalization capabilities on a per packet basis in order to ensure successful propagation of the wavelength converted signal into the next network segment. Although a large variety of burst-mode, regenerative, SOA-based WC schemes have already been proposed [23,24,25,26,27,28,29], most of them have been able to yield successful operation only with RZ data formats when linerates higher than 10 Gb/s are targeted [23,24,25]. When NRZ burst-mode operation is required, typically being the case in reach extender applications for Passive Optical Network (PON) uplink transmission or 5G digital fronthaul architectures [30], SOA-based WC schemes have been restricted to 10 Gb/s operational data-rates [26,27,28,29].



In this paper, we experimentally demonstrate a new SOA-MZI WC scheme that can provide burst-mode WC operation at up to 20 Gb/s linerates even for NRZ data packets, using a single SOA-MZI device in a modified, differentially-biased, architectural layout where both SOAs are forced to operate in their deeply saturated regime [21,31]. Combining the high-quality WC characteristics of the differentially-biased SOA-MZI scheme with the clipping properties of the SOA-MZI non-linear transfer function emerging in the deeply saturated semiconductor region, wavelength conversion can be accompanied with strong power equalization capabilities in a single device, decreasing the number of required active elements by 50% compared to state-of-the-art NRZ Burst-Mode Wavelength Converters (BMWCs) [29]. Extending our recent work on the proof-of-principle experimental demonstration at 10 Gb/s [32], the burst-mode WC credentials of the proposed deeply saturated, differentially-biased, SOA-MZI are experimentally validated both with 10 Gb/s and 20 Gb/s NRZ burst-mode packets as well as with burst-mode traffic originating after having been transmitted in 25 km dispersion uncompensated fiber links. Successful burst-mode WC operation has been obtained both at 10 Gb/s and 20 Gb/s for a loud/soft ratio of up to 9 dB and 5 dB, respectively, revealing negative power penalties of 6.1 dB and 3.51 dB at a 10−9 error-rate, respectively. Finally, its performance has been evaluated with 10 Gb/s NRZ traffic transmitted through non-dispersion compensated 25 km Standard Single Mode Fiber (SSMF), achieving error free operation with a 1.43 dB negative power penalty, validating its potential to perform successfully in realistic burst-mode traffic conditions where both propagation losses and dispersion accumulation vary on a per packet level.




2. Experimental Setup and Principle of Operation


The architecture of the proposed BMWC and the experimental setup used for the evaluation of its operation are illustrated in Figure 1. The BMWC utilizes a differentially-biased SOA-MZI, where the two SOAs are operated in a deeply gain saturation regime, to realize a non-linear transfer function with clipping properties [21,31]. More specifically, at the steady state conditions, one of the two SOAs is deeply saturated in the transparency region, i.e., allowing all of the signal to simply pass through its waveguide structure without any amplification, while the second SOA is operated in a slightly less saturated condition with some small gain-amplification and before the transparency region. This saturated differential biasing condition allows setting the steady-state gain levels of two SOAs in an asymmetrically biased condition that corresponds to a constant differential phase shift close to π between its two branches, when no other control data signal is present. When a control signal is injected into the device, it leads both SOAs performing close to their gain transparency region, as such the SOAs’ carrier fluctuation and intensity modulation are greatly reduced, supporting clipping properties and strongly power equalized output pulses. On the other hand, when SOAs are operated in a symmetrically biased condition, as in simple WC or push-pull schemes [33], they are generating amplitude fluctuations, jitter and transient phenomena as described in more details in [34].



In order to achieve these operational conditions, the two SOAs of the BMWC are each powered by a Continuous Wave (CW), gain-clamping, assist-light beam at λas1 = λas2 = 1548 nm and a power level of 7.13 dBm and −11.93 dBm, through SOA-MZI ports D and E, respectively. The present optical power levels enable gain clamping of the two SOAs in the saturated regime, where faster SOA gain dynamics are observed, while also setting a differential biasing with a constant π differential phase shift. In order to perform the wavelength conversion, a data signal on a λ1 wavelength of 1550.4 nm was injected into two cascaded LiNbO3 modulators, that were driven by Programmable Pattern Generators (PPGs). The first PPG was used to produce two sequential 10 Gb/s or 20 Gb/s 27−1 Pseudo Random Bit Sequences (PRBS) packets, while the second modulator was used to apply different optical power levels to the packets by changing its driver’s gain. The present transmission setup allows emulating the bursty packet traffic generated through two different users with arbitrarily varying power levels, stemming from various near or far distant locations of the converged access-network.



After generating the data packets, the data signal was amplified by an Erbium Doped Fiber Amplifier (EDFA) and filtered by a 3 nm Optical Bandpass Filter (OBPF), and then split into two identical signals through a 50:50 coupler before reaching the BMWC device. The two signals were then bit-level synchronized through an Optical Delay Line (ODL), so as to be simultaneously injected at the two available control ports A and H of the SOA-MZI and act as control signals of an optical push-pull configuration. This allows performing Cross-Phase Modulation (XPM) switching phenomena simultaneously at both branches of the SOA-MZI, facilitating fast response and gain recovery dynamics with almost constant differential phase shift between the two branches during the transient gain recovery immediately after a control pulse is extinct. A CW beam at λ2 = 1549.3 nm was injected as input into the BMWC through port B, with its power level measured at 6.96 dBm. The two control signals featured power levels of 9.8 dBm and −1.5 dBm respectively, while the SOAs were driven at 268 mA and 330 mA, respectively.




3. Experimental Results


In order to demonstrate the power-equalization and wavelength switching capabilities of the proposed BMWC and evaluate the maximum supported bit rate and loud/soft ratio of the input packets, the BMWC was characterized at both 10 Gb/s and 20 Gb/s. The experimental results for 10 Gb/s operation are illustrated in Figure 2. The input traces of the incoming packets at λ1 = 1550.4 nm are shown in Figure 2a–c featuring two loud and three soft packets interleaved, while for comparison purposes Figure 2d–f depict that the respective output traces exhibit flat and equalized peak power levels for all bits, demonstrating both power-equalization and wavelength conversion, while the respective output eye diagrams are illustrated in Figure 2g–i.



The 10 Gb/s operation of the BMWC was also evaluated with the aid of Bit Error Rate (BER) measurements for loud/soft ratios ranging from 4 dB up to 9 dB and the obtained BER curves are plotted in Figure 2j with the solid lines representing the output data signals and the dashed lines used for the respective input data signals. As can be seen for the solid-line curves of the output signals, error free operation at 10−9 was achieved for all loud/soft ratio values up to 9 dB. On the contrary, error free operation for the input signal was obtained only for loud/soft ratios up to 7 dB at the 10−9 condition, up to 8 dB for the 10−4 condition and could not be achieved for the 9 dB ratio. A better representation of this quantitative improvement of the BER curves between the input and output is shown in Figure 2k, where the required peak power for 10−9 BER operation is plotted versus the loud/soft ratios, showing that error free operation could not be achieved for the input at high loud/soft power ratios. The latter reveals that the BER measurements were heavily degraded by the requirement for a low threshold value in the BER-tester to detect the pattern of the soft packets.



Equivalently, the experimental results for 20 Gb/s operation are shown in Figure 3. The input traces of the incoming packets at λ1 = 1550.4 nm are shown in Figure 3a–c with two loud and three soft packets interleaved, while Figure 3d–f depict the respective flat and equalized peak power output traces of two consecutive packets at λ2 = 1549.3 nm. Figure 3g–i show the output eye diagrams with an extinction ratio (ER) of 6.2 dB and amplitude modulation (AM) of 1 dB, validating the credentials of the BMWC to operate at rates up to 20 Gb/s. Moreover, BER measurements were also performed for loud/soft ratios 3–5 dB, as plotted in Figure 3j, with solid lines used for the output signals and dashed lines for the input signals. The BER improvement between the input and output signals is depicted in Figure 3k showing up to 3.51 dB BER improvement for 5 dB loud/soft ratio when using the BMWC. The device characteristics (SOA lengths, saturation power levels, small signal gain etc.), as well as the operational conditions that allow SOA-MZI operating as BMWC are summarized in Table 1.




4. 25 km Fiber Transmission Experiment


The performance of the BMWC was finally evaluated in a 25 km fiber transmission experiment without employing any dispersion compensation. The experimental setup used is shown in Figure 4. Two separate signals at λ1 = 1550.4 nm and λ5 = 1551.1 nm were combined in a 50:50 coupler and injected into a PPG-driven LiNbO3 modulator to produce a 284 bit pattern including one repetition of 10 Gb/s 27−1 PRBS. The two wavelength streams were then demultiplexed through an Arrayed Waveguide Grating (AWG), and transmitted through two different optical paths with 25 km difference, with one of the branches featuring an ODL for controlling the time synchronization of the data. The two optical wavelength streams were then combined through a 50:50 coupler into a single data stream comprising two sequential loud/soft PRBS7 packets of 127 bits, with an intermediate guardband of 15 bits, towards an overall 284 bit long multi-wavelength pattern that emulates the aggregated non-compensated traffic of two PON clients reaching the BMWC. At various stages of the setup, Isolators (ISO), Polarization Controllers (PC), Variable Optical Attenuators (VOA), ODLs and 99:1 monitoring couplers were used to control and optimize the operational settings of the experiment, while the BMWC was operated at the same conditions found at the loud/soft characterization experiments of the previous section.



The results obtained for the 25 km long fiber transmission experiment are illustrated in Figure 5. More specifically, Figure 5a,b show the time traces and eye diagrams of the incoming packet bursts exhibiting 5.2 dB loud/soft ratio due to the propagation losses of the 25 km long fiber, and broadened pulses for the soft burst stemming from the chromatic dispersion effect. The BMWC’s output signal is illustrated in Figure 5c,d, exhibiting equalized peak power levels and an eye diagram with an ER of 6.5 dB. Figure 5e depicts the BER measurements for the 25 km fiber transmission with and without the BMWC, revealing error free operation with 1.43 dB BER improvement for the case of the BMWC.



Finally, it is worth mentioning, that the BMWC could potentially support higher data rates up to 40 Gb/s and fiber spans up to 40 km, as the differentially-biased scheme has already been demonstrated at this speed [21], and the loud/soft ratio has been shown at up to 9 dB.




5. Conclusions


We experimentally demonstrated an all optical BMWC relying on a single differentially-biased SOA-MZI operating in the strongly saturated conditions. The device has been experimentally verified to support loud/soft ratios up to 9 dB and operational speeds up to 20 Gb/s which is the highest reported so far for burst-mode operation in NRZ format, while revealing error free operation with 6.1 dB BER improvement for 10 Gb/s and 3.51 dB for 20 Gb/s operation. A realistic non-dispersion compensated 25 km fiber transmission scenario was also demonstrated, achieving error free operation with 1.43 dB BER improvement, and successfully validating its credentials to act as reach extender for PON uplink transmission or 5G digital fronthaul applications.
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Figure 1. Experimental setup for testing the proof of concept of the Burst-Mode Wavelength Converter (BMWC). EDFA: Erbium Doped Fiber Amplifier; ISO: Isolators; MZI: Mach Zehnder Interferometer; OBPF: Optical Bandpass Filter; PC: Polarization Controllers; PPG: Programmable Pattern Generators; PRBS: Pseudo Random Bit Sequences; SOA: Semiconductor Optical Amplifier; VOA: Variable Optical Attenuators. 
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Figure 2. Experimental results for 10 Gb/s for 4 dB loud/soft ratio (a) input trace (5 μs/div), (d) output trace (2 μs/div), (g) output eye diagram (50 ps/div). For 6 dB (b) input trace, (e) output trace, (h) output eye diagram. For 8 dB (c) input trace, (f) output trace, (i) output eye diagram, (j) Bit Error Rate (BER) measurements for input and output signals and (k) BER improvement of input–output signals at different loud/soft ratios. All traces and eyes are in 4 mV/div. 
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Figure 3. Experimental results for 20 Gb/s for 3 dB loud/soft ratio (a) input trace (2.5 μs/div), (d) output trace (1 μs/div), (g) output eye diagram (20 ps/div). For 4 dB (b) input trace, (e) output trace, (h) output eye diagram. For 5 dB (c) input trace, (f) output trace, (i) output eye diagram, (j) BER measurements for input and output signals and (k) BER improvement of input-output signals at different loud/soft ratios. All traces and eyes are in 4 mV/div. 
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Figure 4. Experimental setup for testing the BMWC with 25 km fiber transmission. AWG: Arrayed Waveguide Grating. 
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Figure 5. Experimental results for 10 Gb/s packets and 25 km fiber transmission (a) input trace (3.5 μs/div), (b) input eye diagram (50 ps/div) (c) BMWC output trace, (d) BMWC output eye diagram and (e) BER measurements without the BMWC (input) and with the BMWC (output). All traces and eyes are in 4 mV/div. 
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Table 1. Operational conditions of the BMWC.
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	Parameter
	Value





	SOA length
	1.7 mm



	Output saturation power of SOA
	18 dBm



	Typical recovery time of the SOA
	80 ps



	Small signal gain of the SOA
	30 dB



	Current SOA1
	268 mA



	Current SOA2
	330 mA



	Power of λas1
	7.13 dBm



	Power of λas2
	−11.93 dBm



	Input power
	6.96 dBm



	Control 1 power (Port A)
	−1.5 dBm



	Control 2 power (Port H)
	9.8 dBm











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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