Probabilistic description of the nonlinear penalties in WDM RZ systems using multicanonical Monte Carlo simulations 

Oleg V. Sinkin, Ronald Holzlöhner, Vladimir S. Grigoryan, John Zweck, and Curtis R. Menyuk 

Dept. of Computer Science and Electrical Engineering, University of Maryland Baltimore County

5200 Westland Blvd., TRC 201-B, Baltimore, Maryland 21227, USA. osinki1@umbc.edu

Abstract We use multicanonical Monte Carlo simulations to obtain accurate distributions of timing shifts and received current due to data-pattern-dependent nonlinear distortions. This method yields the entire distribution function up to very low probability with high efficiency.
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An important step in designing WDM systems is to reliably estimate nonlinear penalties. Usually, one numerically solves the nonlinear Schrödinger equation (NLS) for a WDM signal with several channels and PRBS word period on the order of 100 bits. It is well known that the nonlinear penalty is data-pattern-dependent [1–4], since, even without noise, using different bit strings in different channels can result in significantly different values of the eye opening. One can run standard Monte Carlo simulations to obtain the probability distribution function (PDF) of the received current. However, it is not feasible in most practical cases to run enough realizations to obtain this function reliably.  One can attempt to bound this distribution by finding the “worst” case. However, even that is difficult to do, this “worst” case can occur with such low probability that it is irrelevant [2]. Here we describe a method based on multicanonical Monte Carlo (MMC) simulations that allows us to calculate the entire PDF for the received current up to very low probability with high computational efficiency. 

The MMC method that we use here was proposed by Berg and Neuhaus [5] and was recently applied to optical communications problems [6,7]. The MMC technique significantly increases the efficiency of Monte Carlo simulations when modeling rare events by sampling from a biased distribution that is automatically determined by the algorithm using an iterative procedure. The iterative procedure uses a control quantity to update the biased distribution for the next iteration, so that as the iteration number increases, there tends to be an approximately equal number of hits in each bin of the histogram. So, for example, if the control quantity is the received current in a mark, the method enables us to efficiently and accurately compute the low-probability tails of the received current PDF.

For many WDM systems with large local dispersion and closely spaced channels, the dominant nonlinear impairment is interchannel cross-phase modulation (XPM) [1,8,9]. In the case of the RZ modulation format, which we consider here, XPM induces timing jitter. Several authors have computed the mean and standard deviation of the timing shifts using reduced models of the XPM interaction between colliding pulses [1,3,4,10–13], from which one can approximate the timing shift PDF using a Gaussian distribution. However, we will show that the timing shift PDF can deviate significantly from a Gaussian distribution in the tails.

In addition to directly computing the entire PDF of the received current in the marks, we also use MMC simulations to compute the PDF of the timing shift of a pulse. Together with the pulse shape in the receiver, the timing shift PDF can then be used to generate a PDF for the received current in the marks. By comparing the two PDFs of the received current, we will demonstrate that collision-induced timing jitter is the dominant nonlinear effect in a typical WDM RZ system.

System description
We consider a typical 10 Gb/s WDM RZ system with a propagation distance of 5000 km and an amplifier spacing of 50 km, which is similar to the experimental system reported in [14]. We used a dispersion map consisting of 34 km of D+ fiber and 16 km of D( fiber followed by an amplifier [15]. The values of the dispersion, slope, effective core area, nonlinear index, and loss are 20.17 ps/nm-km, 0.062 ps/nm2-km, 106.7 (m2, 1.7(10–20 m2/W, and 0.19 dB/km for the D+ fiber and –40.8 ps/nm-km, –0.124 ps/nm2-km, 31.1 (m2, 2.2(10–20 m2/W, and 0.25 dB/km for the D( fiber, respectively [16]. The path average dispersion was –0.5 ps/nm-km, and the amount of dispersion pre- and post-compensation was 1000 and 1800 ps/nm respectively, which was optimal for this system. We used raised-cosine pulses [8] with a FWHM duration of 35 ps and a peak power of 5 mW, and we launched nine co-polarized channels spaced 50 GHz apart, each with 32 bits. We verified that a further increase in the number of channels had a negligible effect on the system performance. The receiver included a 30-GHz super-Gaussian optical demultiplexer and a photodetector.  Since we focused on the nonlinear penalties, we did not consider any kind of noise.

We used a single target pulse in the center channel, and we ran two sets of MMC simulations in which we varied the bit strings in the other channels. For the first set, the MMC control quantity was the timing shift of the target pulse, while for the second set we used the received current of the target pulse at the sampling time. 

Results and discussion

In Fig. 1(a), we show the histogram of the timing shift from the MMC simulations with a total of 60,000 data realizations and 12 iterations. We also plot a Gaussian fit to this histogram using the same mean and variance. While the agreement between the two curves is excellent near the mean, there is a significant deviation in the tails, reaching two orders of magnitude for the last available point in the histogram. The reason for this deviation is as follows: For any system, the target pulse interacts only with a limited number of pulses from the neighboring channels. Therefore, there is a bit pattern that results in the maximum timing shift and, hence, the PDF of the timing shift has a sharp cut-off at this maximum. As we see from Fig. 1(a), the timing shift PDF gradually starts to deviate from the Gaussian fit and decays more rapidly in the tails. 

In Fig. 1(b), we plot the histogram of the received current obtained from MMC simulations, using received current as the control quantity. To demonstrate that the dominant nonlinear effect is XPM-induced timing jitter, we also plot the current distribution derived from the timing shift PDF that we obtained from MMC simulations using timing shift as the control quantity. We relate a timing shift Δt to a value I of the current by the formula I=i(t0– Δt), where t0 is the central time of the pulse and i(t) is the pulse shape of the electric current after the photodiode. We then derive the current PDF from the timing shift PDF by using the properties of cumulative distribution functions [17]. 
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There is a noticeable difference around the peaks of distributions in Fig. 1(b). The reason for that is as follows: If the only type of signal distortion is timing jitter, the current in the marks cannot be larger than that of an isolated mark in a single-channel with neighboring channels turned off. Therefore, the distribution of marks due to the timing jitter has a sharp cut-off at a relative current of 1.0. By contrast, in the real PDF of marks, there is some nonlinearly-induced amplitude jitter and the distribution is smooth about 1.0. Nevertheless, the two distributions agree well for the current values smaller than 0.9, which is the region of most practical interest. This result proves that XPM-induced timing jitter dominates the nonlinear signal distortion for the system we studied. 

Finally, the dashed curve in Fig. 1(b) shows that we cannot accurately compute the tail of the received current PDF using a Gaussian approximation to the timing shift PDF. 

Conclusions

We accurately calculated the distribution of the timing shift and received current due to data-pattern-dependent nonlinear interactions using MMC simulations at levels of 10–10. In combination with new methods for accurately calculating the PDF due to noise [7], it is now possible to accurately calculate the full PDF of the received current. 
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Figure 1


(a): PDF of timing shift obtained using MMC simulations and its Gaussian fit. (b): PDF of the received current of the marks obtained using MMC simulations and the PDF of receiver current that is derived from the timing shift PDF and the pulse shape in the receiver.











