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Abstract We propose a novel tracking algorithm for optical channels suffering from fast state of po-
larization (SOP) rotations and polarization-dependent loss (PDL). Unlike gradient descent-based algo-
rithms that require step size adjustment when the channel conditions change, our algorithm performs
similarly or better without parameter tuning. ©2022 The Author(s)

Introduction

In modern optical communication systems, ad-
vanced digital signal processing (DSP) utilizes
polarization-division multiplexing and high-order
modulations to reach high spectral efficiency
(SE). However, high SE comes at the expense
of a lower tolerance to impairments such as
state of polarization (SOP) drift and polarization-
dependent loss (PDL)E. In a fiber link, the
SOP drifts randomly due to external perturbations
(e.g., mechanical/thermal stress, weather condi-
tions, etc.) of the fiber. Previous studies have
reported that the SOP drift can be extremely slow
(days) in buried fibersl®! and very fast (microsec-
onds) in aerial fibersHel. The SOP drift com-
bined with PDL results in a time-varying power
imbalance between the polarizations making the
polarization tracking challenging at the receiver.

The gradient descent (GD)-based algorithms
are the most commonly used tracking algorithms
in the literature. The most popular ones are
the constant modulus algorithm (CMA), modi-
fied CMA (MCMA)E!, and decision-directed least
mean squares (DDLMS)PHY However, these al-
gorithms suffer from phase ambiguity and the sin-
gularity problem!™ which might be resolved by
pilot-assisted!? and hybridl"®l algorithms. How-
ever, GD-based algorithms are also step size sen-
sitivel’, implying that they may require adjusting
their step size as the SOP drift speed changes.
However, in some applications, an estimate of the
SOP drift speed is not available at the receiver.

In this paper, considering both SOP drift and
PDL, we propose a novel tracking algorithm that
shows a higher polarization drift tolerance than
the conventional GD-based algorithms. More-
over, unlike the GD-based algorithms that require
step size adjustment, the proposed algorithm re-
quires no parameter tuning, making it robust to
varying channel conditions.

System Model

Assuming negligible (or already compen-
sated) nonlinearities, chromatic dispersion, and
polarization-mode dispersion (PMD), we consider
memoryless dual-polarization transmission in the
presence of PDL, SOP drift, and amplified spon-
taneous emission (ASE) noise at the receiver.
The 2-dimensional random vector s, denotes the
transmitted signal at time k, taking values from
asetS ={¢,c,...,cp} Of complex, zero-mean,
equiprobable constellation points. The vector of
received complex samples is

x;, = Hysy, + 2y, (1)

where Hy, is a 2 x 2 complex channel matrix, and
z, ~ CN(0,021y) is a vector of complex, ran-
dom ASE noise samples. The considered dual-
polarization PDL (DP-PDL) channel is described
by a combination of the SOP drift model inl'> and
N concatenated PDL elements. In particular, the
DP-PDL channel matrix is

N
Hy =TnJpn - Tidin = [[Tudin, (2

n=1

where n is the segment index and Jy ,, is a ran-
dom 2 x 2 unitary matrix accounting for SOP drift.
It is defined in™ as

k10 = exp(—jay , - CALITS 3)

where exp(-) is the matrix exponential and
., ~N(0,0713), where o2 = 2rAp-T and Ap
is the polarization linewidth determining the
speed of the SOP drift and T is the symbol du-
ration. The total polarization linewidth scales with
N and can be defined as Apit = N - Ap. Finally,
@ = (01,02, 03) is a tensor of the Pauli spin matri-

cesl’®. Moreover, T',, = diag(v/T + Y, VI — 7n)

is a 2 x 2 positive real-valued diagonal ma-
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Fig. 1: Data frame with inserted pilot and payload symbols.

trix modeling the power imbalance induced by
PDLIY, where 0 < v, < 1 is each segment’s
PDL ratio. The segment-wise PDL is defined as
on =(14+7v,)/(1=~,), and the average aggre-
gated PDL over K transmitted symbols in dB is

defined as
K—
Amax
Ll mmu D @
= A

p = 10logy (

where A" and A" are the eigenvalues of Hy.

Proposed Algorithm

We propose a pilot-aided adaptive algorithm
called sliding window least squares (SW-LS). The
idea is to use a length L decision-directed sliding
window called the equalization window and up-
date the channel estimate for each window.

The data frame construction is shown in Fig.
where a pilot sequence of length K, is inserted
at the beginning of each transmission block of
length K. The 2 x K, matrix of pilots is defined
as D =[dy,dy,...,dg, ], where the pilots are
chosen from the quadrature phase-shift keying
(QPSK) constellation. The pilots are orthogonal
with respect to each polarization (i.e., DD = §I,
where § € R is a constant). This coincides with
the optimal pilot selection suggested inl'8-191,

Using the previous estimate of the channel Hj,
and the minimum Euclidean distance criterion,
the transmitted symbols in an equalization win-
dow can be estimated as

R LR
Sy arglgrélgH r X —C (5)

and the 2 x L matrix of estimated symbols
can be formed as Sy = (8,841, »8psr_1)-
Defining the 2 x L matrix of received symbols
Xk = [Xp> Xpp15---» Xy 1), the channel estima-
tion problem can be written as

arg HllIl

‘Xk - GkaSkH (6)

The optimal solution of Eq. (6) is given by the least
squares (LS) algorithm as

N . m M1 A —1
G =x 8 (Ssa)) . o)

Initializing the estimated channel matrix as H, =
I,, the estimated channel H, then is updated by

H,,, = G.H,, (8)

where v is the sliding stride of the equalization
window, meaning that the equalization window
slides v symbols at a time.

Algorithm 1] describes the SW-LS algorithm.

Algorithm 1 SW-LS
Input: X, Hy, k, v

Output: Hy,,,Si, k
1. fori=0,...,L —1do
2: 5= (k+1 mod Kj)

3: ifi < K, —1then
4 S, =4,
5: else )
P . T—1
6: S = arg min HHk Xpp —QH /Il Eq.

A STErt (¥, & &T¥yT -1
7: G = X, S{A] (S 8[AL)  //Eq.
g H

. 7Sk+vfl]

Simulation Setup

Polarization-multiplexed 16 quadrature amplitude
modulation (PM-16-QAM) at a symbol rate of
R =28 Gbaud (i.e., T = 1/R,) is considered.
A random sequence of K = 10° symbols is trans-
mitted on each polarization, initialized by random,
independent, unitary matrices Jo 1,...,Jo n. The
presented results are averaged over 10° such se-
quences. The link has N =20 segments with
identical polarization linewidth A, and segment-
wise PDL ¢,, = 0.70 dB, resulting in an average
aggregated PDL p = 3.0 dB. The launch power in
each polarization is P = E[s]s,]. The symbol er-
ror rate (SER) is evaluated for various setups in
the presence of SOP drift, PDL, and ASE noise
quantified by the signal-to-noise ratio (SNR) per
polarization, defined as SNR = P/s2. The pilot
and transmission block lengths are set to K, = 16
and K; = 1016 symbols, yielding 1.6% overhead.
The SW-LS algorithm is set to use an equalization
window of L = 24 with a sliding stride of v =6 to
get a fair performance while keeping the complex-
ity low.

We compare to MCMAE! (blind), LS (pilot-
based), and LS-DDLMS (hybrid) benchmarks. In
LS-DDLMS, the DDLMSEHIY gigorithm is initial-
ized with a coarse estimate of the channel ob-
tained by applying LS to the pilot sequence in
each transmission block. The maximum likelihood
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Fig. 2: SER of various algorithms for a fiber with N = 20
segments at SNR = 18 dB where p = 3.0 dB is obtained by
setting the p,, = 0.7 dB for all the segments.

(ML) detection for a known channel at the re-
ceiver is also used as a benchmark. The step size
u of the MCMA and DDLMS algorithms is opti-
mized as a function of SOP drift speed, SNR, and
PDL. For MCMA, the phase ambiguity is resolved
by coherent differential coding and the singularity
problem is assumed to be ideally mitigated.

Results

Polarization Drift Tolerance: We start by evaluat-
ing the channel tracking ability of SW-LS and the
conventional algorithms for the DP-PDL channel.
The polarization drift sensitivity is measured by
sweeping A, while the SNR is fixed.

Fig. [2| shows the SER versus Apy - T for an
average aggregated PDL p = 3.0 dB, where the
SNRis set such that SER = 102 is achieved with
ML detection. It can be seen that the LS-DDLMS
and SW-LS algorithms behave roughly the same
at low SOP drifts (Apwt - T < 107°); however,
at higher drift speeds (Apiot - T > 1076), SW-LS
shows the best polarization drift tolerance at the
expense of higher complexity.

Moreover, to show the sensitivity of the GD-
based algorithms to proper step size p adjust-
ment, the SER of MCMA and LS-DDLMS for a
fixed p is also plotted (see blue and yellow dot-
ted curves). In particular, we set p = 1073,
which gives the best performance of MCMA and
DDLMS for slowly varying channels. Clearly, the
performance of MCMA and LS-DDLMS is highly
dependent on the proper adjustment of u. How-
ever, the proposed algorithm requires no parame-
ter tuning, which might be advantageous in some
applications. For instance, in bursty channels, the
SOP drift speed does not remain constant during
the whole transmission. Thus, an algorithm that
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Fig. 3: SER of various algorithms for a DP-PDL channel with
5 =3.0dBand Apyt - T = 3.57 - 10~6.

1

is tuned for a specific SOP drift speed may fail to
track sudden changes in the channel.

Additive Noise Tolerance: Fig. |3 shows the SER
versus SNR of various algorithms for a DP-PDL
channel with 5 = 3.0 dB and Apit-7 = 3.57-1076.
Results show that the proposed SW-LS algorithm
outperforms the benchmarks for the range of con-
sidered SNRs. An even more significant perfor-
mance gap between SW-LS and the benchmarks
has been observed for faster channels; however,
those results are omitted from the paper to save
space.

The superior performance of SW-LS comes at
the expense of approximately L/v times higher
complexity than the benchmarks. Despite the
higher tracking complexity, SW-LS has no param-
eter adjustment complexity and is robust for a
large range of drift speeds where the benchmarks
behave poorly. Besides, lower complexity can be
obtained by reducing the L /v ratio, but it also de-
grades the performance.

Conclusion

We have proposed the SW-LS algorithm to track
memoryless DP-PDL channels. Numerical simu-
lations show that the proposed algorithm is more
robust to polarization drift than the benchmarks,
including MCMA as the most popular tracking al-
gorithm in the literature. While parameter ad-
justment is required for the GD-based algorithms
(e.g., the CMA, MCMA, DDLMS, etc.), the pro-
posed algorithm outperforms the benchmarks
without needing such adjustments. The effect
of polarization-mode dispersion is left for future
work.
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