
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Frequency domain channel estimation and non-weighted feed-
forward equalization in a 2×2 MIMO system updating the filter after 
performing averaging over channel estimations. 
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Abstract— We propose a non-weighted feed-forward equalization 

method with filter update by averaging channel estimations 

based on short CAZAC sequences. Three averaging methods are 

presented and tested by simulations in a time-varying 2×2 

MIMO optical system.  

Fiber Optics Communications; Coherent Communications; 

Multiplexing; Polarization. 

I.  INTRODUCTION 

Polarization division multiplexing (PDM) and digital signal 
processing (DSP)-based coherent receivers have enabled high 
spectral efficient optical communications. Typical PDM 
coherent receivers can rely on blind algorithms or on training-
aided (TA) functions to update the 2×2 multi-input multi-
output (MIMO) equalizer for polarizations separation and for 
channel impairments compensation. TA systems acquire the 
channel by comparing the transmitted and the received training 
symbols. The quality of a single channel estimation is 
proportional to the length of the training word. However, to 
track time-varying polarization effects [1] it is required that the 
known symbols are periodically transmitted between the 
payload data. Recently, authors in [2] proposed weighted 
feedback and feed-forward equalization methods based on a 
single channel estimation. These methods require long training 
sequences (≥256 symbols) limiting the tracking speed of the 

state of polarization (SOP) change (≤10kHz) in the channel or 

adding large overhead to the system. In addition, the feedback 
equalization approach requires buffering of data. 

In this paper we propose a TA system with periodical 
transmission of 16-symbol constant amplitude zero 
autocorrelation (CAZAC) sequences [3] allowing tracking of 
high SOP changes (≥100kHz). Channel estimations are 
averaged by a linear, a weighted or an infinite-impulse 
response (IIR) function prior to equalizer updating. The 
equalization uses a non-weighted feed-forward approach. 

II. SYSTEM FRAMEWORK 

The channel estimation is performed as in [3] and the signal 
is equalized following architecture presented in [4]. The 
transmitted information is framed in blocks of 1024 symbols 
(24 symbols, including guard intervals, for training and 1000 
symbols for user data). Since only 16 symbols are used to 
estimate the channel, averaging over channel estimations is 
needed to reduce the impact of noise, Fig. 1. A conventional 

averaging method is based on a linear function (1). Ideally in 
static and noisy scenarios an infinite number of linear averages 
over channel estimations would null the impact of noise from 
the acquired channels. However, if the channel is varying in 
time, a linear averaging over past channel estimations would 
lead to sub-optimum actual channel state. Even making the 
update non-causal by buffering the data (feedback 
equalization) this averaging method would reduce the dynamic 
of the channel. Therefore, it becomes clear that in such 
scenarios to reflect the current channel state different averaging 
functions should be employed. A casual weighted averaging 
(2) technique multiplies the channel estimations by a factor 
which is dependent on the timing of the channel estimation. 
The most recent estimation would have a higher weight than 
the first estimation. Linear and weighted averaging methods 
are served by a first-in first-out (FIFO) memory which stores 
the latest N channel estimations. An approach which does not 
requires any FIFO memory is based on the principle of IIR 
filter (3). This method would require storing of only the latest 
IIR status.  
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Figure 2: Required OSNR at BER = 10-3 as function of SOP rotation speed 
for MMSE FDE with filter updated averaging channel estimations by a linear 
(top), weighted (center) and IIR function (bottom). 
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Linear Averaging:   1 Ch. Est.

Linear Averaging:   5 Ch. Est.

Linear Averaging: 15 Ch. Est.

Linear Averaging: 25 Ch. Est.
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Weighted Averaging:   1 Ch. Est.

Weighted Averaging:   5 Ch. Est.

Weighted Averaging: 15 Ch. Est.

Weighted Averaging: 25 Ch. Est.
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IIR Averaging  = 0.99

IIR Averaging  = 0.9

IIR Averaging  = 0.7

IIR Averaging  = 0.5

IIR Averaging  = 0

TABLE I: PARAMETER RANGE AND DISTRIBUTION 
 FOR CHANNEL SIMULATIONS 

IMPAIRMENT DISTRIBUTION VALUE RANGE 

Residual CD Uniform [-500:500] ps/nm 

All-order PMD Maxwellian Mean 25 ps 

Polarization angle: α Uniform [0: 2π]  rad 

Polarization phase: ϕ Uniform [0: 2π]  rad 

SOP rotation speed Constant [0:136.75] kHz 

 

III. SIMULATION RESULTS 

Performance evaluation is based on a 112-Gb/s PDM-
QPSK system. Simulations of the linear channel include 
residual chromatic dispersion (CD), all-order polarization 
mode dispersion (PMD), polarization rotation angle α and 
polarization phase ϕ defining the initial SOP, Tab. 1. A 
constant cyclic SOP rotation is then induced to the channel. At 
the receiver, white Gaussian noise is loaded onto the signal, 
followed by an optical Gaussian band-pass filter (2nd-order, 

double-sided 35-GHz), the polarization-diverse 90°-hybrid and 
an electrical Bessel filter (5th-order, 19-GHz). An analog-to-
digital-converter (ADC) stage digitalizes the received signal at 
2 samples per symbol. Averaging over TA channel estimation 
is applied prior to filter update. The received signal is equalized 
by a minimum-mean square-error (MMSE) frequency domain 
equalizer (FDE) with a non-weighted feed-forward method [2]. 

In Fig. 2, a comparison between the three proposed 
averaging method for equalizer updating is shown in terms of 
required OSNR at BER=10-3

 per SOP rotation speed. Trivially, 
if only the last channel estimation (N=1) is considered, all 
methods become equivalent. Considering the linear averaging 
method, shown in Fig. 2-top, a large N minimizes the impact of 
the noise on the channel matrix leading to an improved BER 
for zero SOP rotation. In contrast, for fast SOP changes, the 
SOP-induced intersymbol interference (ISI) overcomes the 
noise-averaging limit and a lower N should be taken into 
account. As consequence, the non-averaged noise present on 
the channel matrix adds an OSNR penalty which stays constant 
independently to the SOP rotation. In the extreme case, if the 
filter is updated by using only the last channel estimation, the 
equalizer will be able to track fast SOP rotation (in the range of 
hundreds kHz) with a negligible penalty (added on top of the 
2.1 dB OSNR penalty induced by the non-averaged noise 
effect). A second scheme adopts a weighting averaging and for 
same number N, BER performance is improved respect to the 
linear averaging scheme, Fig. 2-center. In the IIR averaging the 
factor μ acts as weighting factor of the previous IIR estimation, 
Fig. 2-bottom. If μ = 0, then only the last channel estimation is 
considered and the equalizer is able to track the SOP rotation 
without adding any significant OSNR penalty respect to the 
static channel. If μ is close to 1, (i.e. 0.99) then the average is 
based on an infinite number of channel estimations and due to 
the perfect noise suppression, we obtain the best BER for zero 
SOP rotation. In contrast, if the SOP is changing, averaging 
channel estimations far away between each other would 
destroy the resulting estimation leading to an unrecoverable 
equalized data. A factor μ = 0.7 seems to be the best tradeoff 
between zero SOP rotation OSNR penalty and tracking OSNR 
penalty. None of the three proposed scheme is clearly better 
than the others, BER performance obtained by 5 linear or 
weighted channel averages can comparable with the IIR 
averaging with μ = 0.7. In addition, the possibility of 
combining the proposed schemes should not be discarded. 

CONCLUSIONS 

An optical system with 2.4% training overhead has been 
proposed for tracking time-varying 2×2 MIMO channels. 
Tracking polarization rotation in the range of hundreds kHz has 
been demonstrated with negligible OSNR penalty. Averaging 
over channel estimations is needed to minimize the noise effect 
from the equalizer update. 

REFERENCES 

[1] L. E. Nelson “Polarization Effects in Coherent Systems”, OFC/NFOEC 
2012, OTu1A.4. 

[2] K. Takeshima, H. Takahashi, T. Tsuritani, I. Morita “Polarization 
Demultiplexing Using Linearly-Estimated Channel Matrix in PDM 
Systems with MIMO Processing”, OFC/NFOEC 2012, JW2A.71 

[3] F. Pittalà, A. Mezghani, F.N. Hauske, Y. Ye, I.T. Monroy, J.A. Nossek 
“Efficient Training-Based Channel Estimation for Coherent Optical 
Communication Systems”, SPPCom 2012, SpTu3A. 

[4] F. Pittalà, F.N. Hauske, Y. Ye, N.G. Gonzalez, I.T. Monroy, “Data-
Aided Frequency-Domain 2×2 MIMO Equalizer for 112 Gbit/s PDM-
QPSK Coherent Transmission Systems”, OFC/NFOEC 2012, OM2H.4.

456


