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Abstract: In an optical fiber communication system, polarization-dependent loss (PDL), referring to
polarization-dependent optical power attenuation, might be a main system performance limiting
factor. PDL causes a difference in signal power and imbalance of optical signal-to-noise ratio (OSNR)
between the two polarization branches. The OSNR asymmetry will eventually deteriorate the overall
system performance. At present, most of the equalization methods of PDL in the literature can only
accomplish power imbalance equalization and are, thus, not the true equalization of PDL. Besides,
in some extreme environments, like lightning strikes, Kerr and Faraday effects would generate
ultra-fast rotation of state of polarization (RSOP), as fast as mega-radian per second. The fast RSOP
in combination with PDL makes the eigenmodes of the PDL randomly time-varying, which will
put a heavy burden on the equalization module of the receiver. Faced with this dilemma, in this
paper, we propose a scheme for the true equalization of PDL in the presence of fast RSOP through
an approach based on the combination of the polarization-time code and Kalman filter. The proposed
approach is proved to be very effective and provides significant performance. With a 1.2 dB OSNR
penalty, it can jointly equalize large PDL (7 dB) and fast RSOP (up to 1 Mrad/s).

Keywords: fiber optics communications; polarization; Kalman filter

1. Introduction

High-order modulation, polarization-division multiplexing (PDM), and coherent detection are
very crucial techniques in optical communication systems for pursuing higher spectrum efficiency
(SE). Furthermore, the integration of digital signal processing (DSP) in coherent receivers enables
most of the impairments experienced by the optical signal, such as chromatic dispersion (CD),
polarization mode dispersion (PMD), carrier frequency offset (CFO), and carrier phase noise (CPN),
to be fully compensated in the electric domain [1]. Unfortunately, polarization-dependent loss
(PDL), which induces polarization-dependent optical power fluctuations, remains the main limiting
impairment and cannot be efficiently compensated by the state-of-art equalization algorithms at the
receiver side [2]. PDL arises from some of the in-line components, such as isolators, multiplexers,
amplifiers, and couplers. In long-haul links, we might have to face the problem of large PDL values of
several dB.

The PDL effect on PDM signals not only results in the inequality of signal power, most importantly,
it causes the imbalance of optical signal-to-noise ratio (OSNR) between the two polarizations of a PDM
signal. The OSNR asymmetry will cause quite different bit-error-rate (BER) degradations between two
polarizations signals, and this may lead to significant penalties to the system performance. At present,
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lots of the equalization methods of PDL in the literature such as the multiple-input-multiple-output
(MIMO)-based equalizer or 3D Stokes space method can only accomplish power imbalance equalization;
therefore, they are not the true equalization of PDL [3-9].

In fact, the OSNR asymmetry in optical communication is similar to frequency-selective fading in
multi-antenna wireless channels, which can be mitigated by space—time (ST) codes. The idea can be
carried over and employed. In 2010, Mumtaz et al. first introduced these codes in PDM systems for
PDL mitigation and renamed it to polarization-time code (PTC), which has been proven to be very
effective to truly mitigate PDL [10-13]. In their works, they supposed having perfect channel state
information, or used a training sequence (TS) to estimate the channel matrix prior to implementation
of the polarization-time (PT) decode at the receiver. However, there is no channel state information at
the receiver. In addition, for the single-carrier systems, we prefer a blind equalizer adopted before the
PT decoder at the receiver. Furthermore, in some extreme environments, like violent vibrations when
trains pass by and lightning strikes on rainy days, an ultra-fast rotation of state of polarization (RSOP)
would be induced with a rate of mega-radian per second [14-17]. The fast RSOP in combination with
large PDL will make the eigenmodes of the PDL randomly time-varying, putting a heavy burden on
the DSP equalizer.

The Kalman filter (KF) is an optimum adaptive filter algorithm, which has been widely studied
for lots of kinds of impairment equalizations in optical communication in recent years. There has
been a significant number of publications that have reported KF-based equalization methods covering
phase noise tracking, carrier-frequency offset estimation [18-20], and nonlinear mitigation [21].
Particularly, thanks to the fast convergence ability of the KF, it achieved great success in ultra-fast
RSOP tracking [22-29].

Inspired by the previous works, in this paper, we propose a method for achieving the true
equalization of PDL in the presence of ultra-fast RSOP by utilizing a polarization-time code combined
with the Kalman filter. This scheme is proven to be very effective. With an approximate 1.2 dB OSNR
penalty, it exhibits an equalization capacity with a PDL tolerance as large as 7 dB and a fast RSOP
tolerance (up to 1 Mrad/s). The structure of this paper is as follows. In Section 2, we first elaborate the
concept of PDL and its influence on PDM signals. Then, we analyze the combined effect of PDL and
RSOP in an optical fiber. In Section 3, we simplify the polarization model, and based on the simplified
model, we design a scheme that can truly equalize the combined impairments of PDL and ultra-fast
RSOP, which enables the PDL compensation by the polarization-time code and RSOP tracking by
the Kalman filter. The method performance is assessed in Section 4. At last, a conclusion is drawn
in Section 5.

2. The Effect of PDL with the Presence of RSOP

PDL mainly comes from optical devices, which refers to the polarization-dependent attenuation
of optical power to input signals. As shown in Figure 1, when a PDM signal passes through an optical
component that has a pair of orthogonal high- and low-loss eigenmodes, the two polarizations Ex
and Ey are transmitted along the high-loss eigen-mode and the low-loss eigen-mode, respectively;
therefore, their losses are different, and the output power of the two orthogonal polarizations are also
different. The PDL matrix can be expressed as
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where y and 6 denote the amplitude ratio angle and phase difference, respectively. The two column
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vectors (cosy, efésiny) and (—e‘]‘ssiny, cosy) in rotation matrix R, represent eigenmodes of PDL
related to the high and low losses, which are actually the two orthogonal elliptical states of polarization
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(SOP). p represents the PDL ratio, and the diagonal matrix A represents the attenuation difference
between the strongly and weakly attenuated SOP. The PDL value in dB is expressed by

Lvp

— o)

Tqp = 10logyg

PDL
device

Figure 1. Schematic of polarization-dependent loss (PDL).

PDL not only means the inequality of signal powers but also the OSNR imbalance between the
two polarizations of a PDM signal. Figure 2a shows a PDL-induced constellation map of PDM signals.
For each subfigure, the top row shows the strongly attenuated polarization branch and the bottom
row represents the weakly attenuated polarization branch. Unfortunately, lots of PDL compensations
only realize the power equalization; in this case, as shown in Figure 2b, the OSNR imbalance between
the two polarizations is still unsolved. Hence, the true equalization of PDL should include the power
equalization and the BER recovery caused by OSNR asymmetry, as shown in Figure 2c.

True equalization

_________

;1 OSNR
I imbalance
Al mitigation

Power
equaliztion

Worst polarization branch  Best polarization branch
D e .

Figure 2. Schematic representation of PDL equalization: (a) The signal suffers PDL; (b) after
power equalization; (c) after bit-error-rate (BER) recovery coming from optical signal-to-noise ratio
(OSNR) imbalance.

In addition, RSOP and PDL may exist simultaneously in the optical fiber links. When we face the
joint effect of RSOP and PDL, the generally adopted impairment model is RSOP1 + PDL + RSOP2,
which is illustrated in Figure 3a and Equation (3). In this model, two matrices before and after the PDL
matrix represent two arbitrary RSOP1 and RSOP2, which are time-varying in general.

H = RyUppr Ry 3)
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Figure 3. (a) The generalized polarization model in fiber; (b) the simplified polarization model.

Based on the above analysis, we can conclude that the true PDL equalization scheme in the
presence of RSOP should include the following three steps: (1) Obtaining decoupling model when
PDL and RSOP coexist; (2) the power imbalance equalization and the RSOP tracking; (3) BER recovery
caused by OSNR asymmetry. The three steps will be designed individually in Section 3.

3. The True Equalization of PDL in the Presence of Fast RSOP

3.1. Obtaining Decoupling Model When PDL and RSOP Coexist

When PDL and RSOP coexist in the form of the generally adopted model of RSOP1 + PDL + RSOP2,
as shown in Figure 3a, a decoupling model is needed for simplicity. We rewrite Equation (3) and finally
obtain Equation (4).

_ _ _ -1
H = RoRigARALIR: = RoR,igAR;: (R3'R;)- Ry = (RoReig)A(RoReig) - (RoRy)
= Rnew—eigAR;elw_eig * Rpew-rsor = Unew-rDL - Rnew-RsoP

4)

According to Equation (4), RyR; is equivalent to a new RSOP (denoted as Ry,y-rsop), and
RoR.j¢ is equivalent to a new eigenmode matrix of PDL (denoted as Ryey—eig); thus, Rnew_e,-gAR;elw_eig
constitutes a new PDL matrix (denoted as U,,.,—ppr), which has the same attenuation parameter p and
new eigenmodes Rey—cig- Therefore, the polarization model can be decoupled as a new-RSOP and
a new-PDL, which are shown in Figure 3b. In this way, RSOP and PDL are decoupled. Consequently,
the compensation problem is designed as the first-stage compensation for PDL (balance power

inequality) and the second-stage equalization of RSOP.

3.2. The Power Equalization and RSOP Tracking

After decoupling of the combined PDL and RSOP, we can then equalize them separately. We first
treat the power imbalance equalization and RSOP tracking. We use the 3D Stokes space method [3]
and Kalman filter to carry out this treatment. The 3D Stokes space provides a visual representation of
the light SOP. By neglecting the common phase, the received optical signals can be represented with
the Jones vector in the following form:

[£5%
= ( ayexpjbem) ) ©

where ay, a, are the amplitudes of two x- and y-polarization signals, and ¢y, is the phase difference.
k,m =1,2,3,4 denotes the four quadrature phase-shift keying (QPSK) constellation symbols in the x-
and y-polarization constellation planes. The Stokes parameters of the signals represented in Stokes
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space can be obtained from the Jones vector |s) by using the relation S; = <s‘ o ‘s>,i =0,1,2,3, where o

is the Pauli matrix.

Sozai(—i—azi
Sy = a2
P ©)

Sz = 2a,a,c08 Py,
S3 = 2a,aysinQyy,

As the amplitude in the x- and y-polarizations are the same and S; equals zero, for the ideally
compensated PDM-QPSK signals, the center of gravity of the constellations is at the origin of the
Poincaré sphere in Stokes space (denoted as C(0,0,0)), as shown in Figure 4a. When the signals suffer
from PDL, their Jones vector will change to

_ L ax\1-p
|[Eout) = ]PDL(p)|Ezn> = ( ay 1+ pejﬁbkm ) ()
whose corresponding Stokes vector components are

SO,km = 2a§y
Stijm = _zpaazcy (8)
S2km = zayzty Vl -p Vl + pCOS((]bkm)
S3,km = za%y \/1 —-p Vl + pSin(¢km)

where a4,y = a, = ay. We can obtain the mean value of each Stokes parameters as

Sl,km = —Zpa,%y =d
Sojm) =0 9
S3,km =0

which means that when a power imbalance between the two polarization tributaries exists, the center
of gravity of the constellation will shift from the origin (denoted as C(d1,0,0)), as shown in Figure 4b.
When the signals suffer from both RSOP and PDL, the power inequality induced by PDL will cause
a shift in the center of gravity of the constellation in Stokes space from the origin point of the Poincaré
sphere, and the RSOP will cause a decline in the constellation structure, as shown in Figure 4c. In this
case, we can move C and then the entire constellation structure by the three steps of rotations and
shifting until this C returns to the original position. This procedure of balancing the PDL-induced
power inequality is shown in Figure 4d.

@) (b) () (d)

Figure 4. PDL compensation in Stokes space for a polarization-division multiplexing polarization-division
multiplexing (PDM) quadrature phase-shift keying (QPSK) (PDM)-QPSK signal: (a) Original position;
(b) signals suffer from PDL; (c) signals suffer from PDL and rotation of state of polarization (RSOP); (d)
power inequality compensation.
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After power imbalance equalization, the Kalman filter is applied to monitor and recover RSOP. We

have investigated the Kalman filter structure thoroughly [23-26] and found three key issues that we can
design to let our Kalman filter structure be the most effective: (1) Select the right compensation matrices
for compensating RSOP; (2) decide which state parameters should be correctly chosen; (3) design the
appropriate measurement vector and innovation vector. Now, we will explain these issues in detail
one by one.

)

@)

®)

For the RSOP compensation matrix, we choose the three-parameter model, which represents the
real RSOP in the optical fiber [23], instead of the two-parameter one that has been misused for
a period of time [3-6].

coske™ /¢ sinkeln
R = . . . 10
RsoP —sinke™ I coskel® ) (10
where x, &, and 7 are three time-varying angles.
Based on the RSOP compensation matrix in Equation (10), we decide the state vector as
T
x = (x,1,€) (11)

It reflects the three independent parameters of RSOP.

The choice of measurement vector /(x) is based on the location of the ideal constellation points
after compensation. As for the Golden-coded QPSK signal, the ideal constellation points are
located at three rings with the radii r1, 7, and r3, as shown in Figure 5b. Thus, we design h(x) as:

B (uxu; - rZ)(uxu; - rz)(uxu} - r2)
9= it o oo 1

where u and u” represent the equalized signal and its complex conjugate. Therefore, we choose
the innovation as:

()= g | -4 13)

T
where [ 0 0 ] is the zero matrix, which means the ideally equalized PDM signal’s constellation
points located on the three radii of the three circles on two x- and y-polarization constellation planes.
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Figure 5. Constellation diagrams: (a) QPSK signal; (b) golden-coded QPSK signal.

3.3. BER Recovery by Polarization-Time Code

As mentioned in Section 2, the finished works described in Section 3.2, power inequality

balance and RSOP tracking, are only half of the full works; step (3), mentioned previously—OSNR
imbalance—should be solved next. One effective solution is to use polarization-time code. It linearly
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combines the modulated symbols on two orthogonal polarizations. Here, we focus on the Golden
code, a kind of polarization-time code whose coding matrix is:

1 a(a+6b) alc+ 6d)
V5| ia(c+0d) a(a-+0b)

(14)

where 0 = (1 + \/5)/2,5 = (1 - \/5)/2, a=1+i-i6,a=1+i-1i0,and a,b,c,d are data symbols.
The first row represents the code modulated on the x-polarization and the second row represents the
code on the orthogonal y-polarization. The Golden code does not introduce any redundancy compared
to the uncoded case, because four symbols are transmitted on two polarization tributaries during two
symbol periods.

At the receiver, the optimal method to recover the information data is the maximum likelihood
(ML) decoder, which is to estimate the transmitted symbols through minimizing the following distance
with the received symbols Y.

M = argmin||Y — HM]? (15)
MeA
where A is the alphabet and H is the channel state information matrix, which need to be obtained at
the receiver.

Now, the three steps have been completed: Obtaining the decoupling model when RSOP and PDL
are co-existing, equalizing the power imbalance in Stokes space combined with tracking RSOP by the
Kalman filter, and recovering BER asymmetry using the polarization-time code. Therefore, the PDL in
the presence of RSOP is truly equalized.

4. Simulation and Analysis

In order to verify the proposed method for joint equalization of PDL and RSOP, we built
a simulation platform of a 112 Gbit/s PDM-QPSK coherent system in MATLAB (R2019b, MathWorks,
Natick, MA, USA, 2019), as shown in Figure 6. The transmitter sends the Golden-coded signal.
Subsequently, in the fiber channel, the optical signal experiences RSOP, PDL, and amplified spontaneous
emission (ASE) noise. In this simulation, we assume RSOP is dynamic and PDL is a deterministic
phenomenon as it varies slowly. At the receiver, after coherent detection, the signals enter the digital
signal processing (DSP) module. At the DSP side, the received signal Y is divided into two branches.
The upper branch is applied to obtain channel state information. PDL is estimated and the power
inequality is equalized by utilizing the 3D Stokes space method, and RSOP parameters are tracked
with the Kalman filter. After that, the signal in the lower branch and the obtained channel information
are sent to the ML decoder for symbol decision by Equation (15).

AWG Pulse
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) Shaping : 1 Channel |
- - - 1
I 1l :- ! ; ) |r : ASE |
: oz o a8 I
I L 1 1 |
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Figure 6. Numerical simulation system platform.
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Figure 7 depicts the performance of the proposed Golden code and Kalman filter equalization
method (marked as Golden code + KF). For references, we also simulate the following two methods:
The first one is an uncoded signal at the transmitter with constant modulus algorithm (CMA)
equalization at the receiver (marked as Uncode + CMA); and the second is a golden-coded signal at
the transmitter with training sequence (TS)-assisted RSOP tracking at the receiver (marked as Golden
code + TS). The idea for the TS-assisted RSOP tracking scheme is based on the assumption that the
TS and the entire data block have suffered from the same RSOP. Hence, the RSOP tracking ability of
TS depends on how frequent TS is inserted in the data block. Obviously, the more frequent the TS
that is inserted, the more redundancy there will be. In this paper, we design to insert 10 TSs in every
400 symbols, which means 2.5% of the redundancy. Figure 7a illustrates the BER depending on the
OSNR with different PDLs and speeds of variation of RSOP. We can see that using the hard decision
forward-error correction (HD-FEC) threshold (BER = 3.8 x 1073) as the criterion [30-32], the Golden
code + KF method exhibits an apparently better performance than those of the uncode + CMA and
Golden code + TS schemes under different conditions of RSOP from 300 to 600 krad/s and PDL from 3
to 6 dB. In Figure 7b, we discuss the PDL-induced OSNR penalty at BER = 3.8 X 1073 under the severe
impairment environment of RSOP = 1 Mrad/s. Thanks to the coding gain brought by the Golden code
and the excellent RSOP tracking ability of the Kalman filter, at PDL up to 7 dB, the proposed Golden
code + KF scheme only needs an OSNR penalty of approximately 1.2 dB. It is worth mentioning
that the proposed method wins 3 dB OSNR than the uncode + CMA scheme, and 2.1 dB OSNR than
the Golden code + TS scheme. Therefore, it is obvious that the Golden code + KF method has an
overwhelming advantage over the other two methods. At the same time, RSOP tracing performance
of the proposed Golden code + KF method is also shown in Figure 7c. The polarization impairment
is assumed to be 1 Mrad/s RSOP and 6 dB PDL under 14 dB OSNR. In Figure 7c, the black line and
the red line represent the true value and tracking value of vy, respectively, and the pink line and the
black line represent the true value and tracking value of , respectively. We can see that the RSOP
tracking curve converges quickly, and the tracking results of rotation angles y and 6 agree well with
the original linearly increased ones, which means the proposed Golden code + KF method is indeed
effective to track ultra-fast RSOP. In Figure 7a,b, we discuss the average BER on the worst and the
best polarization cases. Now, we study the worst and the best BERs of the PDM signal separately.
The results are shown in Figure 7d,e (the solid point is the worst polarization case and the dashed
point is the best polarization case). We study both the weak impairment condition (RSOP = 300 krad/s,
PDL = 4 dB, and OSNR = 15 dB), as shown in Figure 7d, and the severe impairment condition (RSOP
=1 Mrad/s, PDL = 6 dB, and OSNR = 15 dB), as shown in Figure 7e. We can see that the proposed
Golden code + KF method can effectively mitigate the different BERs of the two polarization branches
in both weak and extreme scenarios.
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Figure 7. Cont.
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Figure 7. The performance comparison: (a) BER vs. OSNR; (b) OSNR penalty vs. PDL; (c) RSOP
tracing curve; (d) BER performance under weak impairment condition; (e) BER performance under
severe impairment condition.

5. Conclusions

In this paper, we make clear that a true PDL equalization should include either power equalization
or BER recovery, the latter of which, though, is frequently ignored in the literature. Meanwhile, in some
extreme scenarios, the ultra-fast RSOP would be induced due to lightning striking and vibration.
The fast RSOP in combination with PDL will put a heavy burden on the DSP equalization module.
Faced with this dilemma, we proposed a method to implement the true equalization of the combined
effect of PDL and ultra-fast RSOP using the Kalman filter and Golden code. First, we simplified the
polarization model and then equalized the power imbalance using the 3D Stokes method and tracked
the RSOP using the Kalman filter. Finally, we recovered BER asymmetry using the Golden code.
The presented approach was evaluated in a 28-GBaud PDM QPSK coherent system and compared
with Uncode + CMA and Golden code + TS methods. It was clear that the proposed Golden code
+ KF scheme provided a significant performance. With an approximate 1.2 dB OSNR penalty, it can
compensate up to 7 dB PDL under 1 Mrad/s ultra-fast RSOP, which has the important gain compared
to the Uncode + CMA and Golden code + TS schemes and has no coding redundancy.
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