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Abstract: Precise and robust PDL monitoring is demonstrated over a wide range of combined
channel impairments. The PDL value is extracted from the zero forcing filter matrix estimated by

using short CAZAC training sequences.
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1. Introduction

Polarization dependent loss (PDL) is an important impairment to be monitored in high-speed (>100Gb/s)
dynamically reconfigurable meshed networks [1]. PDL may cause optical power variations due to polarization
fluctuations leading to optical-signal to noise-ratio (OSNR) degradations and requires a fine estimation.

However, in coherent optical receiver with digital signal processing (DSP), like for chromatic dispersion (CD)
and polarization mode dispersion (PMD), PDL monitoring can be performed from the equalizer filter matrix [2].

Traditionally, blind non-data-aided (NDA) equalizers have been converged by algorithms which lead to the
minimum-mean-square-error (MMSE) [3]. In contrast to NDA methods, data-aided (DA) channel estimation can
also provide the zero-forcing (ZF) solution which is required for PDL monitoring [4].

In this paper, we present a PDL monitoring technique based on the eigenvalues spread of a ZF DA frequency
domain equalizer (FDE) and show the detrimental effect of MMSE filter taps to the PDL estimation.

2. Theory

The transfer function: K = R™*(8)AR(0) = [ cos®  sinf cosf  —sind

sinf cos@ [0 PDLcoef] [sme cos
PDL element, where R and R™! define the rotation matrices with rotation angle 8 and A refers to the Hermitian PDL

attenuation matrix [5]. The matrix A contains the PDL coefficient, 0 < PDL.,ef < 1, defined by the attenuation
between the orthogonal lossy axis and the lossless axis, which is expressed in dB as: PDL g = —2010g(PDL¢gef).

3. PDL Estimator

] describes a single

Once the optical channel H( /') has been estimated with the aid of short constant amplitude zero autocorrelation
(CAZAC) sequences, the ZF filter transfer function Wr(f) simply refers to the inverse of the linear channel transfer
function: Wx( £) = H', while the MMSE is obtained by Wywise(/) = H'{HH"+6,”/ 6,°} ", where ()" and ()"
denote the complex-conjugate (Hermitian) transpose and the inverse respectively.

After normalizing the equalizer matrix W by the square root of its determinant: Wy (f) = \/#W’ the effective
frequency dependent PDL can be calculated from the eigenvalues of Wy (f), as: PDLyg(f) = —20log <1WN’"“")
WNmin

The estimated PDL value is averaged over the central taps of the filter matrix, Fig. 1. The ZF filter only compensates
for inter-symbol interference (ISI), therefore in Fig. 1.a the impact of PDL is clearly visible, whereas the MMSE
filter jointly optimizes the mitigation of ISI and noise attenuating the eigenvalue spread of the filter taps, Fig. 1.b.
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4. Simulation Results

PDL estimation is demonstrated based on a simulated 28 GBaud polarization-division multiplexed (PDM) system
with quaternary phase-shift keying (QPSK) leading to a transmission rate of 112 Gb/s. Simulations of the linear
channel include CD, higher-order PMD, polarization rotation angle o, polarization phase ¢, PDL with rotation angle
0 and sampling phase deviation ;. In total, 1000 random channels have been generated at a constant OSNR of 14
dB (0.1 nm bandwidth) with parameters randomly chosen from the distributions specified in Table 1.

At the receiver, white Gaussian noise is loaded onto the signal, followed by an optical Gaussian band-pass filter
(2"-order, double-sided 35 GHz), the polarization-diverse 90°-hybrid and an electrical Bessel filter (5™-order,
19 GHz). Finally, an analog-to-digital converter (ADC) stage digitalizes the received signal at 2 samples per symbol.

The channel was estimated using CAZAC sequences of length equal to 16 symbols. Averaging over 1 to 30

channel estimates has been applied before extracting the PDL value from the resulting filter matrix, Fig. 2.a-b-d-e.
To obtain accurate and precise PDL monitoring, the estimation should be based on ZF filters, Fig. 2.a-b-c-f.
Fig. 2.d-e show the fail of the MMSE based PDL monitoring which leads to biased and underestimated PDL values.
For both, ZF and MMSE filter solution, in absence of PDL the estimator detect some PDL which is due to the
impact that noise and dispersive effects have on the eigenvalue spread of the filter matrix, Fig. 2.a-d. For ZF filters
calculated after 30 channel estimates, in absence of losses the PDL is overestimated with a mean error around 0.75
dB, while in presence of PDL the maximum estimation error is within + 0.6 dB with zero mean error, Fig. 2.f.
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Fig. 2. PDL estimation performance: mean value (a, d) and standard deviation (b, e) of the PDL estimation error versus given PDL and number of
averages over channel estimations (# AoCE). Estimation based on the Zero-Forcing (a, b) and Minimum-Mean-Square-Error filter solution (d, e).
Given PDL versus estimated PDL (c) and histogram of the PDL estimation error (f) based on Zero-Forcing Frequency Domain Equalizer.

5. Conclusions

Due to the nature of MMSE filters to suppress noise enhancement, accurate PDL monitoring requires zero forcing
filter implementation which is obtained by inverting the data aided channel estimation. In presence of combined
linear channel impairments and losses, the PDL estimation proves a zero mean error and accuracy within 0.6 dB.
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