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Partial Freezing for MIMO Adaptive Equalizers:
Precise Demodulation in Dynamic Environments

Akira Kawai
Takayuki Kobayashi

Abstract—We propose partially frozen (PF) multiple-input
multiple-output (MIMO) adaptive equalizers (AEQs). By increas-
ing the degrees of freedom (DOFs) of widely used complex 2 X 2
MIMO AEQs, complex 4 x 2and 8 x 2 MIMO AEQs can cope with
various signal impairments that occur within a transmitter and
receiver, such as in-phase/quadrature (IQ) skew and IQ imbalance.
Although precise signal demodulation with such MIMO AEQs are
useful for enhancing the information rate of a transmission even to
reach beyond 1 Th/s, the increase in internal DOF's ultimately comes
with a decrease in the speed of tracking polarization fluctuations
and an increase in computational complexity, which are problem-
atic for efficient demodulation in a dynamic environment. To solve
this, as the speed of fluctuation in the state of polarization (SOP)
of the signal is much faster than those of impairments within the
transmitter and receiver, PF MIMO AEQs reduce effective DOFs
by separating each DOF corresponding to the SOP, transmitter,
and receiver, then freezing unnecessary updates of transmitter
and receiver DOFs. In this article, we describe the principle and
show the results of numerical simulations and experiments with
128-Gbaud quadrature phase shift keying (QPSK) signals under
IQ impairments. PF MIMO AEQs increased the tracking speed
of the 8 X 2 MIMO AEQ, enabling the tracking of polarization
fluctuations of over 11 Mrad/s (faster than fluctuation induced
by lightning strikes) with less computational complexity than the
conventional configuration. This method is a promising solution for
high-speed data transmissions in dynamic environments.

Index Terms—Adaptive equalizers, digital signal processing,
optical fiber communication.

1. INTRODUCTION

MULTIPLE-INPUT multiple-output (MIMO) adaptive
Aequalizer (AEQ) is a key technology used in digital
coherent systems [1]. Digital signal processing (DSP)-based
techniques, especially complex 2 x 2 MIMO AEQs that use
two polarization components as input and output, have enabled
adaptive compensation for dynamic polarization-related signal
impairments, such as changes in the state of polarization (SOP)
of a signal, polarization mode dispersion (PMD), and polar-
ization dependent loss (PDL), which once were main limiting
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factors of long-haul transmission. Since they have a greater
impact on the signal with a broader bandwidth and higher-order
modulation format, MIMO AEQs continue to be important even
in high-information-rate optical transmitters and receivers with
a net data rate of over 1 Tb/s [1].

As digital coherent systems have developed, it has been
found that MIMO AEQs can compensate for electrical signal
in-phase/quadrature (IQ) impairments in the transmitter and
receiver, alongside those caused by polarization-related effects
in the transmission line, by increasing their internal degrees of
freedom (DOFs) [1], [2], [3], [4], [5]. Here, IQ impairments refer
to IQ skew, IQ imbalance (including those caused by electrical
signal reflection) and IQ crosstalk, which reportedly can be lim-
iting factors of high-information-rate transmissions [1], [2], [3],
[4], [5], [6]. Typical examples of such AEQs are complex 4 x 2
MIMO AEQs (or widely linear AEQ) [2] and 8 x 2 MIMO AEQs
[1]. Under chromatic dispersion (CD) of fiber transmission lines,
the former can compensate for signal 1Q impairments at the
receiver, while the latter can compensate simultaneously at the
transmitter and receiver. Although the IQ impairments can be
measured prior to field installation and calibrated with a static
digital filter in the transmitter and receiver [7], it is useful to deal
with them adaptively since the IQ impairments change over time,
albeit at a slow rate, due to aging and temperature changes of
the transmitter and receiver.

However, the increase in the DOFs of MIMO AEQs has
drawbacks of decreased tracking speed for dynamic fluctuation
of SOPs and increased computational complexity. The tracking
speed depends on the dimensionality of the input signals, which
is equivalent to the number of DOFs within the MIMO AEQ.
Large signal dimensionality causes increased lag-induced excess
errors of adaptive filtering [8]. In addition, the tracking speed
of the AEQ depends on a step size of update algorithms, e.g.,
decision-directed least mean square or constant modulus algo-
rithms [9]. Since the maximum step size for the stable operation
of a MIMO AEQ is bounded by the inverse of the input signal’s
covariance matrix’ trace [8], large signal dimensionality results
in reduced maximum step sizes, and the maximum tracking
speedis slowed accordingly. These would reduce the tolerance to
rapid SOP fluctuation such as electromagnetic disturbances due
to lightning strikes (reported maximum fluctuation speed is over
5 [10] or 8 [11] Mrad/s). Computational complexity increases
almost proportional to DOFs and causes additional DSP power
consumption, although techniques such as frequency-domain
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e.g. lightning strike
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Fig. 1. Potential performance limiting factors of PDM transmission.

(FD) equalization [12], [13], [14] can be used to alleviate the
complexity. These downsides could narrow the practical range
of AEQs with increased DOFs.

In this work, we propose partially frozen (PF) MIMO AEQs as
an extension of our previous work [15]. As shown in a previous
study [16], one can separately estimate the characteristics of the
transmitter and receiver IQ impairments from the coefficients of
the MIMO AEQs with increased DOFs. Consequently, we can
convert such DOFs to an equivalent cascade of smaller digital
finite impulse response filters, each of which independently
compensates for impairments regarding the SOP, transmitter,
and receiver. The rate of characteristic change of DOFs with
respect to the transmitter and receiver is much slower than that
of the SOP, as shown in Fig. 1. Therefore, the transmitter- and
receiver-related filter DOF updates can be temporarily frozen,
and the transmission line-related DOF updates can continue.
Since we can restart the update anytime, this PF MIMO AEQ
can reduce the computational complexity and improve the filter
tracking speed, without sacrificing adaptation ability to time-
varying impairments within the transmitter and receiver. We
discussed the computational complexity and showed the effec-
tiveness of PF MIMO AEQs by simulation, and then presented
the results of experiments using a 128-Gbaud signal. The exper-
imental results showed that the PF MIMO AEQs of an 8 x 2
MIMO AEQ improved the polarization tracking speed by almost
double, demonstrating the effectiveness of the PF MIMO AEQs
for designing high-performance DSPs.

II. PRINCIPLE

A schematic representation of PF MIMO AEQs is shown in
Fig. 2. PF MIMO AEQs are implemented in the receiver-side
DSP. In this work, we define the output signal of the transmission
line (or the input of the DSP) by a four-dimensional complex
Veetor Sout = (Sz,out (W) 83 our (W) Syout(w) Sz,out(*w))Ta
where asterisks mean complex conjugate, because 1Q im-
pairments are equivalent to the frequency-dependent complex
imbalance/crosstalk between the signal and its complex con-
jugate. Also, we define the demodulated input signal of the
transmission line (or the output of the DSP) by a two-
dimensional complex vector 8;y, = (Sz,in (W) Sy.in (w))T. Note
that we use a different definition of the DSP input vector
from those in previous studies [1], [2], [13], where inputs
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are (Re(sq,0ut) Im(sz,0ut) Re(Sy,out) Im(sy’out))T for con-
venience of mathematical description, although the two defini-
tions are equivalent. Also, we assumed FD equalization [12],
[13], [14] because it can reduce the computational complexity
forlarge filter sizes and simplify the cascaded filtering operations
described in the following.

First, we explain PF 8 x 2 MIMO AEQ, since 4 x 2 MIMO
AEQs are almost same as the 8§ x 2 MIMO AEQ except for an
absence of a correction term for transmitter-side IQ impairments.
CD of the signals is first compensated for. Next, signal impair-
ments are compensated for with the MIMO AEQ except for a
frequency offset of a local oscillator (LO). In the conventional 8
x 2 MIMO AEQ, this operation is essentially equal to computing
products of two adaptively updatable 4 x 2 matrices and signal
vectors, one of which is flipped with respect to the frequency
and complex-conjugated (“Flip and conjugate” in the figure), in
the FD. We define the adaptive matrix in a conventional 8 x 2
MIMO AEQ using Hgyo1(w) , Hsx2,2(w), and P that satisfy

Hsyo1 (w)
_ (hxwo,l (w) hx:cc,l (w)

h
hyzo,1 (w) hyzea (w) hyyon (w)
Hgyo9 (w)

_ (hmo,z (w) hayo,
hygo,2 (w) hyge,2 (w) hyyo,2 (w)

and

3)

o o= O
o O o
_— o O O
O = O O

Finally, the carrier phase recovery (CPR) part then compen-
sates for the effect of the frequency offset in the time domain.

The basic idea of the PF MIMO AEQ is based on transforming
the MIMO AEQ part into a cascade of matrix multiplication
operations as shown in the lower part of Fig. 2(a). A previous
study [16] showed that 4 DOFs are sufficient to express each
frequency component of transmitter/receiver 1Q impairments,
and one can obtain frequency characteristics of IQ impairments
of a transmitter and receiver from the components of Hgys 1,
Hgy 2 2. Using these findings, we can decompose Hgy 2 1, Hgx2,2
as

Hgyo1 (w) = Hgpp (w) Hy (w) 4)
Hyvop (w) = Hf (—w) Héop (—w) Hi (—w) P. (5
Here,

Hyop @)= () v () “

is a matrix that represents an inversed characteristic of SOP-
related effects, that is, a combination of frequency-dependent
SOP rotations, PMD, and PDL. H, (w) is equivalent to an
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Fig. 2. Schematic representations of PF MIMO AEQs. (a) PF 8 x 2 MIMO AEQ. (a) PF 4 x 2 MIMO AEQ.
inversed Jones matrix of the entire transmission line. Also, c .
onventional
1 hgii(w) 0 hpria(w) PF PF PF
Hy (w) = (7) Proposed >
R ( ) 0 hR21 (w) 1 hRQQ (w) } }

is a matrix that represents the electrical IQ impairment charac-
teristic of the receiver. Finally,

, _ (hr11 (W) P11 (w)
Hp (w) = <h;21 (w) h;zz (W))

is a matrix that represents the electrical IQ impairment charac-
teristic of the transmitter. A derivation of the (4,5) is shown in
Appendix A. Each component of the decomposed matrices can
be expressed using the components of Hg,o 1 and Hgyo 2 as

®)

() Tl = Gl B o

(i) )

() o) (herer ) o)
(10)

(bt hrte)
mm2< w) me2<uo><hmn1wo ZWQ1@»>1

- ya:c 2 ( ) yyc,2 (—LU)

Time

Fig. 3. Example of operation timeline of a PF MIMO AEQ.

as one can confirm from (4) and (5). Also, one can show from
(5) that

%yo,? (_W)>

yyo,2 (—CU)

22 ) Hyop (o) 7 (0

(12)
holds.

These equations show the equivalence of filtering in the
conventional and PF modes and ensure that we can seamlessly
switch between the two modes and continue to compensate for
the transmission impairments under CD. An example of the
operation timeline of the PF MIMO AEQs is shown in Fig. 3.
Here, we propose a fixed time-interval mode-changing operation
as an example. Unlike the conventional operation where the
AEQ is continuously operated in the conventional mode, the
MIMO AEQ is switched to the PF mode after calibrating of
H’.(w) and Hp(w) by the conventional mode. The MIMO
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Fig. 4. Schematic of back propagation for updating H, éOP'
TABLE I

AEQ switches back to the conventional mode at fixed time
intervals and calibrate H’.(w) and Hp(w). It is also possible
to adaptively change the mode by monitoring the SNR, BER,
or constellation [17] of the demodulated signals. Note that the
entire calibration process can be offloaded to external low-speed
computing resources on which the conventional mode operation
is implemented, to reduce the demand for high-speed real-time
computing resources.

The PF 4 x 2 MIMO AEQ is also shown in Fig. 2(b). It is
essentially same as the 8 x 2 MIMO AEQ except for the absence
of H(w). To obtain Hf,(w), (10) can also be used.

To update H, p(w) with low computational costs, the gra-
dient decent approach is effective. For cascaded filters like PF
MIMO AEQ, or more commonly known, deep neural networks,
we can successively calculate the derivative of the demodulation
error with respect to each filter (known as back propagation)
from the output of the entire filter by the chain rule [4]. As
shown in Fig. 4, we can obtain the update formula,

13)

where | is a symbol of conjugate transpose, m is a time index,
(4 1S a step size, e is an error vector that can be obtained by e =
Sdecision —Sin, and Awt is the phase factor backpropagated
from the CPR part. Here, Sgecision 1S the demodulated signal
after symbol decision. Sgecision canbe substituted by pilot sym-
bols. Also, # = Hy, (w)CD ™' sput are input vector of Hgop.
Additional computational costs are not required for a calculation
of x because it can be obtained in the process of forward filtering.
To reduce the computational cost to calculate H. éop(m +1),we
can ignore the third term as

Hgop (m+1) = Hgop (m) + peexp (—iAwt)z’  (14)

since the third term (the correction term for transmitter 1Q
impairments) tends to be much smaller than the second term.
For the update of Hgp in the PF 4 x 2 MIMO AEQ, (14) can
be used without any approximation.

Required computational costs (the number of complex multi-
plications) for processing one fast Fourier transformation (FFT)
block with each configuration of FD MIMO AEQs are summa-
rized in Table I. Here, L is the length of the filter, which corre-
sponds to the FFT size of the FD processing. The contribution of
the FFT, CD compensation, complex additions, multiplication of

REQUIRED MULTIPLICATION NUMBER FOR MIMO AEQS

Type Filtering Updating Total

2%2 4L 4L 8L

4x2 8L 8L 16L

8x2 16L 16L 32L
PF 4x2 8L 4L 12L
PF 8x2 12L 12L 24L
PF8x2 12L 4L 16L
(simple)

the step size and CPR term are omitted from the estimation. Also,
we considered the computational cost of matrix decomposition
or multiplication associated with the mode-switching (9)—(12)
to be negligible because the mode-switching requires much less
frequency than the filtering and updating operation in Table I
since the changes in the IQ impairment characteristics (which
have a typical timescale of >1s) are much slower than the polar-
ization fluctuation. Note that for the multiplication of Hf(w) ,
the required multiplication is 4L because half of the components
are 0 or 1. By switching to the PF mode, the multiplication
number can be reduced to 3/4 for both the 8 x 2 and 4 x 2 MIMO
AEQ. For the 8 x 2 MIMO AEQ, we can reduce it even more
to half of the original number by adopting the simple update
formula (14) instead of (13). These show PF MIMO AEQs can
be more computationally cost effective than the conventional
configurations.

To confirm the effectiveness of the PF configuration, we con-
ducted numerical simulations. We emulated rapidly changing
SOP by applying time variant SOP rotations represented by a
Jones matrix .J that satisfies

— sinwot
cos wot )

_ [coswot

- (sin wot
where wq is angular frequency. We changed wqy from O to 11
Mrad/s. We also assumed other signal impairments; ampli-
fied spontaneous emission noise, frequency offset of the LO
(100 MHz), phase noise (20 kHz), and IQ skews on both the
transmitter and receiver (3 ps for both). We also added additive
white Gaussian noise to the signal so that the signal-to-noise
ratio (SNR) of the signal demodulated with the conventional
8 x 2 MIMO AEQ under no polarization fluctuation matched
the experimental result (21.8 dB) shown in the next section.
The signals were 128 Gbaud QPSK randomly generated by
the Mersenne Twister with a frame length of 192000, and

s)
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Fig. 5.
performance with respect to the SOP rate of change.

demodulated by using 2 sample-per-symbol, 50% overlap-cut
FD MIMO AEQs whose details are described in [13]. The
FFT size of the MIMO AEQ was set at 1024. For the PF
operation, we obtained H/. and H, before the main measure-
ment using five-frame signals. The CPR section consisted of
coarse estimation with a 2nd-order digital phase-locked loop
and fine estimation with a blind phase search algorithm [18].
The laser phase noise was compensated for in both the AEQ
and CPR sections without explicit assignment. For the update
in the PF 8 x 2 MIMO AEQ, both the original formula (13)
and simplified formula (14) are implemented in a decision-
directed way with periodically inserted pilot symbols (insertion
rate: 0.016).

The results are shown in Fig. 5. We first changed the step
size of the MIMO AEQs in 0.1-dB increments while fixing
wp at 1 Mrad/s. Generally, if the step size was too small, it
could not follow the polarization rotation, and conversely, if
it was too large, the convergence of the coefficients became
unstable, resulting in a reduced SNR. As shown in Fig. 5(a),
the PF configuration improved the SNR because of its low
dimensionality, which leads to less lag-induced errors and larger
maximum step sizes. The PF 8 x 2 MIMO AEQ performed better
than the PF 4 x 2 MIMO AEQ since it can compensate not
only for IQ skew in the receiver but also that in the transmitter.
The use of the simple update formula (14) had little impact on
the SNR with a maximum SNR difference of 0.7 dB. We then
changed wy and optimized the step size for each wy. As shown in
Fig. 5(b), although conventional MIMO AEQs rapidly failed as
wp increased, the PF MIMO AEQs succeeded in demodulating
the signal with a rapid SOP rotation of 11 Mrad/s. Also, no sig-
nificant SNR degradation between conventional and PF MIMO
AEQs is observed with a 0 Mrad/s SOP rotation (quasi-stable
channel).

From the linear interpolation of the results, we derived the
SOP rate of change that causes a 1 dB SNR penalty. The results
are summarized in Table II. It shows that the PF provides an
improvement (almost double for the 8 x 2 MIMO AEQ) of the
1 dB tolerance.

Simulation results. (a) Relationship of step size and signal SNR after demodulation under SOP rotation under 1 Mrad/s. (b) Maximum demodulation

TABLE II
SOP RATE OF CHANGE WITH A 1DB SNR PENALTY

SOP rate of change with a 1dB

Type SNR penalty [Mrad/s]
8x2 0.18
4x2 0.60
PF 8x2 0.41
PF 4x2 0.82
AWG 1Q skew
DSP I [DAC|DAC]|DAC[DAC]
' v EDFA

v v
[Laser 4 PDM 1Q Modulator

DSP k--1 Coherent
& Rx
I1Q skew
Fig. 6. Experimental setup.

III. EXPERIMENT

A. Experimental Setup

To test the feasibility of a PF MIMO AEQ in a realistic setup,
we conducted a back-to-back signal generation and detection
experiment, whose schematic illustration is shown in Fig. 6.
We modulated monochromatic light at 193.755 THz from a
narrow-linewidth laser. The modulation format was QPSK gen-
erated by the Mersenne Twister and the frame length was 65536.
The signal was generated at 128 Gbaud and fed to an arbitrary
waveform generator (AWG) that was operated at 128 Gsample/s
with a bandwidth of 65 GHz. The electrical signals generated by
the AWG drove a 35-GHz lithium-niobate-based polarization-
division-multiplexed (PDM) IQ modulator. Wavelength selec-
tive switch-based optical equalization (OEQ) was conducted to
roughly equalize the frequency response of the transmitter [19].
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Fig. 7.

A high-speed polarization scrambler (PS) and 10- and 40-m-long
polarization maintaining fibers (PMF) were inserted into the
system to determine if the MIMO AEQs could work under fast
polarization fluctuations and PMD. We set the modulation speed
of the PS at 11.01 Mrad/s. The signal light was amplified with
two erbium-doped fiber amplifiers (EDFAs) placed after the
transmitter and before the receiver. An optical band-pass filter
(OBPF) cut amplified spontaneous emission noises outside the
signal bandwidth and the receiver detected the signal mixed with
a light from an LO using 100-GHz balanced photodetectors.
Finally, the signal was demodulated by the receiver-side DSP.
To emulate the IQ impairments in the transmitter and receiver,
3-ps IQ skews for X-polarization signals were imposed on the
signals in the AWG and receiver-side DSP.

The receiver-side DSP followed the same process as in the
simulation. We used (14) for the update in both PF 8 x 2 and
4 x 2 MIMO AEQs. We obtained H’. and H}, before the main
measurement using 50-frame signals. We evaluated the SNR of
ten consecutive frames and defined the SNR of the worst frames
as that of the signal.

B. Results

‘We show the experimental results in Fig. 7. Fig. 7(a) shows the
relationship between FFT size and SNR for each MIMO AEQ.
The time window width (time width of the signals fed to the
filters at a time) corresponding to each FFT size is also shown.
Note that the step size is optimized by log-scale searching in
0.1-dB increments. Generally, a larger FFT size can improve the
compensation accuracy by enabling compensation for spectrally
fine impairments in the transmitter and receiver such as electrical
signal reflections with large time delays, but it also reduces the
tracking speed due to the larger interval between filter coefficient
updates. As a result of the latter effect, the SNR decreased with
the increasing FFT size with the conventional MIMO AEQ.
In contrast, the PF 8 x 2 MIMO AEQ eased the trade-off
and achieved the highest SNR among all configurations at an
FFT size of 1024. For the 4 x 2 and 2 x 2 MIMO AEQ, the
maximum SNR was worse than that of the 8 x 2 MIMO AEQs
since the 1Q impairments of either the transmitter or receiver or

2 3 4 5 6 7
Step size [a.u.] %107

Experimental results. (a) Maximum signal SNR after demodulation for each FFT size. (b) Relationship of step size and signal SNR.

both cannot be compensated. Note that no significant difference
in the demodulated SNR was observed between the PF and
conventional MIMO AEQs when polarization scrambling was
not applied (e.g., the SNR was 21.9 and 21.8 for the PF and
conventional 8 x 2 MIMO AEQ with an FFT size of 1024).
Fig. 7(b) shows how the SNR changed when the FFT size was
fixed at 1024 and the step size was varied. For each AEQ, the
constellation of the frame with the best SNR is also shown.
Comparing the conventional MIMO AEQ with the PF MIMO
AEQ, we can see that, as in the simulation case, the lag-induced
error decreased and the maximum step size increased. Especially
in the PF 8 x 2 MIMO AEQ, the maximum step size can be
nearly doubled and thus achieving an SNR improvement of
4.4 dB.

IV. CONCLUSION

In this article, we proposed PF MIMO AEQs as an approach
to solve the problems of 4 x 2 and 8§ x 2 MIMO AEQs: low SOP
tracking speed and computational complexity. The proposed PF
MIMO AEQs can reduce the total number of multiplexing in
the filtering and updating operation to 1/2 or 3/4. We also show
with numerical simulations and experiments that the PF MIMO
AEQs can significantly improve the tracking speed to cope with
11 Mrad/s SOP fluctuation, which is beyond that caused by the
electromagnetic effect via lightning strikes, the fastest natural
source of SOP fluctuation. These indicate the PF MIMO AEQ is
a promising technique for future high-information-rate optical
receivers in practical applications.

APPENDIX A
DERIVATION OF (4, 5)

This appendix explains a derivation of (4, 5). First, the in-
verse process of the signal transmission can be represented by
cascaded multiplication of complex four-dimensional matrices
and a vector:

S;n (UJ) = Hr (w) Hfiber (W) Hp (W) Sout (w) (16)
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Where

Sz in (W)

;,in (—OJ)
Sy,in (W)
* 7w)

A7)
sy,in (

describes a four-dimensional input signal vector and H f;per (w)
describes an inversed four-dimensional characteristic of optical
effects within a fiber. Also, Hr(w) and Hr(w) describe the
inversed electrical IQ impairment characteristic of the receiver
and transmitter. For simplicity, the effect of the carrier frequency
offset is omitted here. We put the elements of the Hsop(w) by

Hfiber ((.U)
hep (w) 0 0 0
_ 0 D (—w) 0 0
n 0 0 hCD ((JJ) 0
0 0 0 hip(w)
Py (W) 0 hay (W) 0
0 hy,(—w) 0 hyy(—w)
“Nhyew) 0 Ay 0 (18)
0 hy (—w) 0 hy, (—w)

where the first matrix represents the inversed characteristics of
CD and hop(w) is an inversed CD characteristic. Also, the
second represents inversed SOP-related effects of the transmis-
sion line including a combination of frequency-dependent SOP
rotations, PMD, and PDL. It is a four-dimensional extension
of the inversed Jones matrix made by combining the inversed
two-dimensional Jones matrix with its complex conjugate. The
elements fi,,(w), hay(w), hyz(w), hyy(w) defined here are
equal to the same symbols in (6). We also put the elements of
the Hg(w) and Hr(w) by

1 hri1 (w) 0 hri2 (w)
| Ay (—w) 1 R (—w) 0
Hp (w)= R110 o () R121 hga ()
Pro (—w) 0 Proo (—w) 1
(19)
, 1( ) Py (—w) ) 0( ) hipig (—w)
_ | hru (W 1 712 (W 0
Hr (@)= 0 Prgy (—w) 1 T2 (—w)
hT21 (OJ) 0 hT22 (w) 1
(20)

where we define (1, 2), (1, 4), (3,2), (3,4) elements of Hg(w) by
hgnm(w) (n,m = 12),and (2, 1), (2, 3), (4, 1), (4, 3) elements
of Hr(w) by hrpm(w). Also, we put (1, 1), (3, 3) elements of
these matrices as 1 and (1, 3), (3, 1) elements as 0, to fix redun-
dant SOP-related DOFs. This is possible unless each frequency
component of the signal becomes its complex conjugate due to
large 1Q impairments, such as 1Q skew satisfying wr = 7 (7:
1Q skew) for frequency w. The other elements were determined
automatically, since the elements in the even columns of the
signal vector multiplied by H(w) or Hy(w) are always equal
to the value obtained by taking the complex conjugate of the
elements in the odd columns in the time domain.
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Then, we split H fiper(w) 10 Hpiper (W) = Hfiper1 (w) +
H tiper2(w), where

hyg (W) 0 hyy(w) 0
0 0 0 0
Hfiber,l (W) - hCD (W) hy$ (w) 0 hyy (w) 0 (21)
0 0 0 0
and
0 0 0 0
. 0 hi,(—w) 0 A (—w
Hfiber,2 (W) = hCD (—W) 0 é ) 0 y(() )
0 hy,(~w) 0 hy, (—w)
(22)
By using these matrices, we obtain
Sin (W) = Hr () Hfiver (@) Hr (@) Sout («)
+ Hr (w) Hfibe7‘,2 (w) Hpg (w) Sout (w) (23)

Then, by ignoring the even columns of s}, (w) and calculating
the matrix multiplication of each term, we can obtain

sin (W) = Hsop (W) Hy (W) hep (W) Sout (W)
+ Hy (—w) Hgop (—w) Hjj (—w) hep

(—w) Sout (W) (24)

where Hgp(w), Hp(w), H(w) are the matrices defined in
(6)—(8). Finally, by comparing this equation to the equation of the
conventional 8 x 2 MIMO AEQ without the carrier frequency
offset

Sin (W) = Hgx21 (W) hep (W) Sout (W)

+ Hgy22 (W) Phip (—w) Sout (w) (25)

we obtain (4, 5).
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