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Abstract: Blind and data-aided single-carrier receivers are discussed for high-speed optical coherent
receivers. Equalization concepts are presented and evaluated regarding the implementation complexity
and overhead for time-domain and frequency-domain equalization techniques.
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1. Introduction

The characteristics of linear effects in the fiber optic link differ from typical time-varying wireless channels. Although
the fiber channel can be considered mostly time-invariant, coherent receivers should be able to track mechanically-
induced polarization changes [1] with a reasonable penalty. Dominant linear effects such as chromatic dispersion (CD)
and polarization-mode dispersion (PMD) can be fully compensated using linear filters due to their all-pass character.
Even in presence of polarization-dependent loss (PDL), it can be shown that maximum-likelihood receivers do not
outperform linear receivers for worst-case PDL. Thus, the problem of equalization in the fiber is of greater simplicity
than in frequency-selective wireless fading channels. The drawbacks of the fiber channel are the relatively high local
oscillator phase noise, constraints due to signal processing parallelization, and fiber nonlinearities.

Although blind receivers have been a popular choice for coherent polarization-multiplexed (PolMux) QPSK [2],
blind and data-aided algorithms have to be reevaluated in view of next-generation higher-order modulation formats for
single-carrier (SC) receivers, especially since coherent optical orthogonal frequency division multiplex (CO-OFDM)
experiments predominantly use data-aided methods [3].

2. Blind Source Separation

Blind receivers have been frequently used in coherent fiber optic transmission experiments and offer some advantages.
They do not require additional overhead, can reasonably track the fastest gradients in the fiber channel and are a good
fit for the simple case of PolMux-QPSK, when using the constant-modulus algorithm (CMA) or the mth power carrier
phase estimation [2]. In terms of equalization, the minimum mean square error (MMSE) solution is optimal for linear
filters and can be computed using the least-mean square (LMS) stochastic gradient algorithm [4]. In the fiber optic
channel, the CMA equalizer converges to the LMS solution and is typically used for channel acquisition. A receiver
block diagram is given in Fig. 1 [5]. Here, the bulk of the chromatic dispersion is compensated in the frequency domain
equalizer (FDE). The finite-impulse response (FIR) filter compensates for residual linear distortion and demultiplexes
the two polarizations using time-domain equalization (TDE). Finally, the carrier phase error is corrected in the feed
forward carrier phase estimation (FF-CPE).
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Fig. 1. Block diagram of the signal processing components in a blind
coherent receiver.
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Fig. 2. FIR butterfly filter used for polarization demultiplexing.

Translating the CMA from to a multiple-input multiple-output (MIMO) equalizer solution results in the possibility
of degenerate one-to-many output solutions, especially in the presence of PDL. In [6], a flexible blind source separation
algorithm using independent component analysis (ICA) was presented that works as an extension of the CMA. The
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cost function is given by

J(w) = E(
2∑

i=1

(|zi[k]|2 −R2

)2
+ 2

2∑

l,m=1,l 6=m

ξ2∑

ξ=ξ1

|ρlm[ξ]|2, ρlm[ξ] = E (zl[k]z∗m[k − ξ]) , (1)

where E is the expectation value, ρlm(ξ) the cross-correlation function between polarization l and m, and ξ1, ξ2 are
integers that depend on the channel delay spread. Computing the derivative of the cost function with respect to the
equalizer taps, a stochastic gradient update can be formulated that minimizes the cross-correlation between the two
polarizations. The instantaneous expectation value of the cross-correlation coefficient ρ and the error η for the ξth tap
are given by

ρ
(k)
lm [ξ] = (1− ε) · ρ(k−1)

lm [ξ] + ε · zl[k] · z∗m[k − ξ], η
(k)
l = −

(N−1)/2∑

ξ=0

ρ
(k)
lm [ξ] · zm[k − ξ], (2)

where ε is a forgetting factor and N the odd number of taps of the T/2-spaced filter. The tap updates are then given by

w
(k)
lm [n] = w

(k−1)
lm [n] + µ · η(k)

l · r∗m[k − n]. (3)

This extension makes it possible to equalize and demultiplex the signal even in presence of severe CD, PMD and
PDL [5]. Although the update algorithm can be further simplified in the implementation, the additional complexity is
evident as shown in Fig. 3, where it is also compared to the data-aided version of the more complex MMSE-equalizer.

For higher-order modulation formats, in general the CMA has worse tracking abilities than the LMS due to the
residual error in the estimation. On the other hand, the LMS requires an additional feedback loop in order to correct the
carrier phase, which leads to a significantly reduced response bandwidth due to the inherently necessary paralleliza-
tion and processing delay. The tracking performance of the two update algorithms is evaluated for 112Gb/s PolMux
16QAM in the signum update version in Fig. 4 with a transmitter and receiver local oscillator bandwidth of 100kHz.
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Fig. 3. Filter update complexity for various adaptation algorithms.
Simplified version of the ICA with signum update is used.
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Fig. 4. Tracking performance of the CMA and LMS for 112Gbit/s
PolMux-16QAM for a polarization rotation of 50kHz. Parallelization

degree = 64 with typical feedback delays.

While the LMS outperforms the CMA in the parallelized implementation, it can greatly deteriorate in presence
higher laser phase noise or sudden frequency jumps. Moreover, the second-degree phase-locked loop (PLL) requires
a precise initial estimation of the frequency offset, since it can only lock on to offsets of a few MHz in a paral-
lelized implementation. In blind receivers, the frequency offset can e.g. be estimated using the symmetry of the signal
spectrum [7]. However, unsymmetrical filters lead to an estimation bias, making only rough estimation possible. Dif-
ferential mth-power algorithms [8] can also be used for initial frequency offset estimation, although their performance
deteriorates for higher-order modulation and low signal-to-noise ratio (SNR).

In general, blind algorithms do not scale well with higher-order modulation. The channel acquisition time increases
with lower gradient tracking speeds. For low SNRs, blind estimator performance is deteriorated disproportionally. In
addition, parallelized feedback loops become unstable for low SNR, as it can be seen in Fig. 4. Finally, the high
complexity that is necessary for a fully flexible blind equalizer is one of the biggest drawbacks compared to data-aided
algorithms that will be discussed in the next section.

3. Data-Aided Receivers

Data-aided receivers can be attractive for fiber optic applications due to their fast acquisition and lower complexity,
and have been extensively used in coherent optical orthogonal frequency division multiplexing (OFDM) [3]. However,
it can also be argued that there is no need for data-aided channel acquisition due to the rather static channel.
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If time-domain equalization (TDE) is used, the direct MMSE computation of the equalizer taps is in general not
viable due to the complexity of the matrix inversion, as shown in Fig. 3. Though much slower in its acquisition time,
the LMS algorithm has the least complexity for adapting equalizer taps. Several drawbacks arise when using data-
aided LMS. The equalizer taps can only be adapted using several subsequent headers, requiring prior carrier phase
synchronization. Common methods can be used for this purpose [10], while limiting the maximum block length [9].
Blind polarization and carrier phase tracking is still required, as these parameters can change within a data block.

Frequency-domain equalization (FDE) offers lower complexity compared to TDE at a certain filter length, which is
why it is used for the compensation of chromatic dispersion in optically uncompensated links. If the filter is parallelized
to a high degree, the break-even point for FDE is reached even earlier as seen in Fig. 5, making single-carrier frequency
domain equalization (SC-FDE) attractive even for compensated links [11]. A fully data-aided based approach for SC-
FDE also eliminates the requirement for equalizer and carrier phase feedback loops. The limitation for SC-FDE is the
signal overhead, which depends on the maximum tolerable channel gradient and the channel impulse response length
as illustrated in Fig. 6 with constant amplitude zero autocorrelation (CAZAC) sequences used for training similar to
[3]. For large values of dispersion, the equalization can be split up in two stages with blind CD compensation and a
fully adaptive SC-FDE, similar to TDE in Fig. 1.

SC-FDE also offers the advantage of fast channel acquisition, since the computation of the MMSE equalizer
solution requires mainly the inversion of several 2x2 matrices. A cyclic prefix is not necessarily required, as the signal
can also be equalized using the overlap and save technique [4].
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Fig. 5. Filtering complexity of time domain equalization compared with
frequency domain equalization for varying degrees of parallelization.
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Fig. 6. Signal overhead for polarization rotation gradients of 10kHz,
50kHz if no blind channel tracking is used for a single stage FDE.

4. Conclusion

Despite a higher signal overhead, data-aided receiver algorithms lead to simple and scalable receiver design. Similar
to OFDM, training sequences make fast channel acquisition possible, which will become important in future optically
switched networks. For parallelized processing, fully adaptive frequency domain equalization offers an advantage
over time-domain filters even for a small channel memory. For time-domain equalization with preceding blind CD
compensation, the overhead can be kept to 3-5%. The overhead in frequency-domain equalization receivers can be
larger and is dictated by the maximum polarization rotation gradient.
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