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Abstract We proposed an adaptive equalisation scheme that has both fast polarisation tracking
capability and transceiver 1Q impairment tolerance based on partial freezing of the multiple-input
multiple-output structure. Experimental results showed superior equalisation performance of the scheme
to previous ones under polarisation fluctuations exceeding 11 Mrad/s. ©2022 The Author(s)

Introduction

Multiple-input multiple-output (MIMO) adaptive
equalisation (AEQ) on a digital signal processor
is a cornerstone technique for modern
polarisation-division-multiplexed (PDM) coherent
optical transmission systems [1]. Its ability to
compensate for dynamic signal impairments like
polarisation rotation or polarisation mode
dispersion (PMD) is becoming more and more
important as the trend of increasing symbol rates
of transceivers continues, since high-symbol-rate
signals are susceptible to such impairments.

Other than conventional 2x2 MIMO AEQ for
PDM transmission, several types of AEQ can
even compensate for 1Q impairments within
transceivers [1-5], e.g. |IQ skew, amplitude/phase
imbalance, or crosstalk, which are one of the
main limiting factors of high-symbol-rate
transmission [6]. Although 1Q impairments can be
calibrated before field deployment, adaptively
equalising 1Q impairments at the Rx-side is
potentially important to maintain the signal quality
since IQ impairments are slowly time-varying due
to ageing or temperature dependence of the
transceiver. Examples of such AEQs are 4x2 [2]
and 8x2 MIMO AEQs [1]. By increasing the
degrees of freedom (DOF) of the MIMO structure,
they have a unique advantage in that they can
deal with 1Q impairments of the Rx (and the Tx
too for the 8x2 MIMO AEQ). Although such AEQs
suffer from increased computational complexity,
techniques such as frequency-domain (FD)
equalisation [7] can be used to reduce the
complexity.

However, AEQs have a trade-off between the
size of the internal DOF and the tracking speed
because as the number of gradient descent-
based AEQ taps increases, the trace of the
covariance matrix of the corresponding input
signals increases and limits the maximum step
size of the AEQs [8]. So AEQs like 8x2 MIMO
AEQ have degraded robustness to rapid
fluctuations of the state of polarisation (SOP). As
illustrated in Fig.1, extreme environmental factors

such as lightning strikes can cause SOP
fluctuations with the speed of over a few Mrad/s
[9]. This can be an obstacle to the practical
application of the transceiver-impairment-tolerant
AEQs with increased DOF.

Here, we propose a method to improve the
tracking speed of MIMO AEQs, namely, partial
freezing. This method improves the tracking
speed by temporary fixing the internal DOFs
corresponding to the 1Q distortion, taking
advantage of the slow time variation of the 1Q
distortion in the transceiver. Experimental results
show that under polarisation fluctuations of up to
11 Mrad/s, the proposed scheme outperforms
conventional AEQs with little increase in
computational complexity.

Principle
The concept of the proposed partial freezing of
MIMO AEQs is shown in Figure 2. In the
proposed method, we decompose the MIMO
structure into several matrix components, each of
which represents SOP impairments and residual
transceiver impairments. By freezing transceiver
components, we can reduce the effective DOF
and improve the tracking speed of the AEQ. In
this work, we chose 8x2 MIMO AEQ as the main
application of partial freezing for illustrative
purposes. Also, we assumed FD AEQ [7] for the
reduction of computational cost for the filtering.
The working principle and equalisation
procedure are shown in the following. The 8x2
MIMO equalizer has a MIMO structure shown in
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Fig. 1: Potential limiting factors of polarization-division-
multiplexed optical transmission.
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Fig.2, where s,y @are input/output
signals, Hgy;q(w), Hgxz,(w) are adaptively
updatable 2x4 matrices

H8x2,1(w)

— (hxxo,l hxxc,l hxyo,l hxyc,l)

) hyxo,l hyxc,l hyyo,l hyyc,l ’ (1)

stz,z(w)

— (hxxo,z hxxc,Z hxyo,z hxyc,Z)

. hyxo,z hyxc,z hyyo,Z hyyc,Z
and CD is the chromatic dispersion of the
transmission line, —Aw is the local oscillator (LO)
frequency offset, and the asterisk represents
complex conjugate (we use a different but
equivalent definition of the input vector from that
of previous research [1,7,10]). As shown in a
previous work, the IQ impairment characteristics
of transceivers can be obtained from the filter
coefficients of the 8x2 MIMO equaliser [10]. One
can show that

H8x2,1(0)) = Hgop(w)Hg (w), 2)
stz,z(w) = Hy' (—w)Hgop(—w)HR (—w)P

where Hggp(w) is @ 2x2 matrix that represents
the DOF of SOP, Hg(w) and Hy(w) are 4x2 and
2x2 matrix with four DOF that represents
transceiver characteristics except for DOF of
SOP and
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is a permutation matrix. We define each
component of the characteristic matrices by
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Then, one can also show each component can
be obtained from the coefficients of the 8x2
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Fig. 2: A conceptual illustration of partial freezing of MIMO
AEQ, here represented by an 8x2 MIMO AEQ.

MIMO equaliser:
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Therefore, once the coefficients of the 8x2 MIMO
AEQ are obtained, we can seamlessly switch to
the decomposed description illustrated in the
lower part of Fig. 2, and continue the equalisation
by updating only Hgop and keep Hr(w) and
Hg(w) frozen. Also, we can switch back to the
normal 8x2 description when the 1Q impairment
characteristics change.

Among possible update algorithms for Hggp,
we adopt the gradient descent method. In this
configuration, the update formula is Hggp(m +
1) = Hgop(m) + u(e exp(—iAwt) SI +
Hi (w)eexp(idwt) s}), where m is a time
index, u is a step size, e is an error vector
obtained by subtracting demodulated signals
from hard-decided symbols, and s;=
Hi(@)CD ™10y, 52 = HR (—w)CDs,,,, are vectors
that can be obtained in the process of the
equalisation.

As for the computational complexity, partial
freezing of 8x2 MIMO AEQ gives little increase in
complexity. For example, the number of
multiplication operations required for the matrix
computations during equalisation of one
frequency component using a partially frozen 8x2
MIMO AEQ is 20 and that during update is 12,
while the normal one requires 16 during both
equalisation and update. Also, since the fast
Fourier transform (FFT) accounts for the majority
of the total complexity of the FD AEQ, changes in
the complexity of the filtering itself have little
effect on the total here.

Note that the concept of partial freezing can
be applied to other MIMO structures. For
example, to apply it to the 4x2 MIMO AEQ, one
can derive the entire equalisation procedure by
simply ignoring the lower branch of the 8x2 MIMO
structure illustrated in Fig.2.

Experiments

We conducted proof-of-principle experiments
with 128 Gbaud high-speed signals and rapid
SOP fluctuations emulated by a polarisation
scrambler. Fig. 3 describes the schematic of the
setup. A light from a low-phase-noise laser at
193.755 THz was modulated by a 35 GHz-
bandwidth PDM 1Q modulator. Electrical
modulation signals were generated by an
arbitrary waveform generator (AWG) with four 65
GHz-bandwidth digital-to-analogue converters
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(DAC) driven at 128 Gsample/s. The modulation
format was quadrature phase shift keying
(QPSK) randomly generated by the Marsenne
Twister. The frame length of the signal was
65536. The signal light was amplified by an
erbium-doped fibre amplifier (EDFA), and
spectrally shaped by an optical equalisation
(OEQ) [11]. The SOP of the signal lights was
modulated by a high-speed polarisation
scrambler (PS). Our PS (MPC-203, General
Photonics) scrambled the SOP at variable
maximum speeds up to 11.01 Mrad/s. Before and
after the PS, 10- and 40-m-long polarisation
maintaining fibres (PMF) were placed to confirm
the existence of PMD does not affect the
effectiveness of our method. After amplification
by another EDFA and optical filtering of noise
outside the modulation bandwidth by an optical
band-pass filter (OBPF), signals were mixed with
a light from an LO and detected by a coherent
receiver at 256 Gsample/s. To see the 1Q
impairment tolerance of the AEQs, 3 ps 1Q skews
were imposed on the x-polarisation signals in
both AWG and Rx-side digital signal processing
(DSP), along with intrinsic I1Q impairments such
as 1Q skews arising from variations in coaxial
cable lengths or electrical crosstalk.

At the Rx-side DSP, the signal was
demodulated using 50% overlap cut FD MIMO
AEQ, coarse carrier phase recovery (CPR) with a
2nd-order digital phase-looked loop, and a fine
CPR with a blind phase search algorithm [12]. To
run the partially frozen (PF) 8x2 MIMO AEQ,
Hi(w) and Hi(w) were obtained before the
demodulation and averaged using signals of 50
frames. The signal-to-noise ratio (SNR) of the
signal was evaluated after the demodulation by
varying the step size and the FFT size. For the
SNR evaluation procedure, we calculated the
SNR of consecutive 10 frames and picked up the
worst one as the SNR of the signal, as the SOP
rate of change was time-variant.

The experimental results are shown in Fig. 4.
First, to see the maximum performance of the
proposed AEQ when the SOP rapidly fluctuates,
we modulated the SOP at the maximum rate of
change of 11.01 Mrad/s and demodulated them
with PF 8x2, 8x2, 4x2 and 2x2 MIMO AEQs. We
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DSP [ [DAC[DAC[DAC[DAC] |
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Fig. 3: Schematic of the experimental setup.

varied the FFT size of the FD AEQ, and for each
FFT size, the step size was optimised. The
results are shown in Fig. 4(a), where the PF 8x2
MIMO AEQ shows the optimal performance at an
FFT size of 1024 (corresponding to a 4 ns time
window) since it can compensate for spectrally
fine transceiver 1Q impairments with a larger step
size than a normal 8x2 MIMO AEQ.

Next, we varied the step size while fixing the
FFT size to 1024, and saw the SNR difference
between different AEQs. The results are shown
in Fig. 4(b). The PF AEQ worked with about a
two-times-larger step size than the normal one
before becoming unstable, which demonstrated a
4.4 dB SNR advantage over normal one.

Conclusion

In this work, we proposed the partial freezing of a
MIMO structure that enables adaptive equalising
of the signal which is simultaneously robust to
fast SOP fluctuations and has tolerance to
transceiver 1Q impairments. The concept is
based on the fact that transceiver-impairment-
tolerant MIMO structures can be decomposed to
DOF that represents the SOP and the transceiver,
and freezing the latter DOF contributes to
increased polarisation tracking speed. We tested
the scheme with SOP fluctuations of over 11
Mrad/s and showed the method has a 4.4 dB
SNR advantage over the normal 8x2 MIMO AEQ.
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Fig. 4: (a) Evaluated SNR of the signals whose SOP is
fluctuated at the speed up to 11.01 Mrad/s (step size
optimized). Corresponding lengths of time windows are
also shown. (b) Step size and the SNR at FFT size of
1024.
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