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Abstract—In this paper, the pre- and post-equalizers of all sub-
carriers are jointly optimized to compensate for optical filtering
impairments caused by cascaded reconfigurable optical add-drop
multiplexers (ROADMs) in digital subcarrier-multiplexing (SCM)
systems. In the proposed scheme, equalizers of all subcarriers are
jointly optimized based on a batch gradient descent algorithm and
anovel loss function for a limited bit precision is designed to achieve
the optimization. The performance is evaluated by extensive sim-
ulations in 4-subcarrier SCM systems with an aggregate symbol
rate of 65 GBaud. Compared to current equalization schemes, the
proposed scheme obtains generalized mutual information (GMI)
gains of 0.1-0.3 bits/symbol after the transmission with 10 ROADMs
in a linear channel with filtering penalties and amplified sponta-
neous emission (ASE) noise or a nonlinear channel where fiber
nonlinearity and chromatic dispersion (CD) are introduced. The
performance is also evaluated by experiments in 4-subcarrier SCM
systems with an overall symbol rate of 32 GBaud. Transmission
scenarios with different filtering impairments are emulated by a
WaveShaper with different bandwidths. When the bandwidth of
the WaveShaper is 26 GHz, the GMI gains of the proposed scheme
over the current equalization schemes are 0.2-0.75 bits/symbol.
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I. INTRODUCTION

applications such as cloud computing and data center
interconnections have driven the development of flexible and
high-capacity meshed optical networks [1], [2]. Reconfigurable

W ITH the rapid development of 5G communications, its
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optical add-drop multiplexers (ROADMs) which perform light
path routing are key components in optical networks, and one
ROADM typically consists of two wavelength selective switches
(WSSs) [3]. However, optical filtering impairments induced by
WSSs lead to inter-symbol interference (ISI) and thereby de-
grade the signal quality in long-haul transmission systems. The
performance degradation becomes severer when the signal has
to pass through several cascaded ROADMs because the transfer
function will be significantly narrowed by a concatenation of
filters [4], [5].

Several equalization algorithms used to compensate for op-
tical filtering impairments have been proposed in single-carrier
systems including the digital post-equalization [6], [7] and the
joint optimization of the pre- and post-equalization [8], [9], [10].
When a post-equalizer in the receiver is applied alone [6], [7],
low-power frequency components are emphasized during the
ISI compensation and a large noise enhancement is introduced,
leading to a signal-to-noise ratio (SNR) degradation. To solve
the problem, a pre-equalizer is added in the transmitter [8],
[9], [10] and jointly optimized with the post-equalizer. In [8],
the pre-equalizer and the post-equalizer are jointly optimized
to minimize the ISI. However, the ISI-free condition is not
equivalent to the optimal received SNR because the received
SNR is determined by both the ISI and the noise power. In
[9], the channel transfer function is firstly estimated with a
post-equalizer alone and then used as the frequency response
of the pre-equalizer. After that, the post-equalizer is adaptively
optimized again. In [10], pre- and post-equalizers are separately
mapped to a one-dimensional convolutional layer and their
weights are iteratively optimized to minimize the mean square
error (MSE).

Recently, digital subcarrier-multiplexing (SCM) systems at-
tract increasing attentions and have been implemented in the
commercial application-specific integrated circuit (ASIC) for
800G digital signal processing (DSP) [11]. For SCM system:s,
the filtering effects induced by cascaded WSSs result in colored
SNR distributions of subcarriers, which has been extensively
studied [12], [13]. For systems with an identical modulation
format for all subcarriers, the power loading can be used to
improve the system performance [14], [15]. However, the gain
is limited because the ISI in each subcarrier is also a main
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Fig. 1.

influencing factor of the signal degradation. To compensate the
ISI, the joint pre- and post-equalization in single-carrier systems
[8], [9], [10] can be directly applied to SCM systems. However,
the performance can be further improved. For systems with
flexible modulation formats, the entropy loading can be used
to improve the performance by allocating different modulation
formats to subcarriers according to the SNR distribution [16],
[17], [18]. In this paper, we focus on the former scenario, since
commercial systems typically employ an identical modulation
format over all subcarriers.

In digital SCM systems, optimizations of pre- and post-
equalizers among all subcarriers are interactional and the joint
pre- and post-equalization in digital SCM systems has not been
studied. Besides, the MSE used in single-carrier systems cannot
be directly used as the performance metric in digital SCM
systems if the optimization target is maximizing the transmission
rate.

In this paper, we propose a subcarrier-joint pre- and post-
equalization scheme including a novel loss function to compen-
sate for the filtering impairments in digital SCM systems. In the
proposed equalization scheme, pre- and post-equalizers of all
subcarriers are mapped to one-dimensional convolutional layers,
and the equalizer weights are updated together to minimize the
loss function based on a batch gradient descent algorithm. The
performance of the proposed scheme is evaluated and analyzed
by extensive simulations in 4-subcarrier systems with a total
symbol rate of 65 GBaud. The generalized mutual information
(GMI) gains of the proposed scheme over current equalization
schemes are 0.1-0.3 bits/symbol after the transmission with 10
ROADMs in a linear or nonlinear channel. The performance
of the proposed scheme is also evaluated by experiments in
4-subcarrier systems with a total symbol rate of 32 GBaud.
Transmission scenarios with different filtering impairments are
emulated by a WaveShaper (WS) with different bandwidths.
Compared with current equalization schemes, the GMI gains
of the proposed scheme are (0.2-0.75 bits/symbol when the
bandwidth of the WS is 26 GHz.

The remainder of this paper is organized as follows. Section II
introduces the principle of the proposed equalization scheme. In

The framework of the proposed subcarrier-joint pre- and post-equalization scheme.

Algorithm 1: The Optimization Procedure of the Subcarrier-
Joint Pre- and Post-Equalization Scheme.

1. Generate a training dataset
2. Initialize the trainable weight matrices of pre- and
post-equalizers of the n-th subcarrier: w1, and way,,
n=1,...,N
3.Fori=1,..., Nepocn
FOI‘j = 1, ce aNbatch
1) Do the forward propagation in Fig. 1
2) Compute the loss function L
3) Backpropagate and compute gradients of weights for
each subcarrier

Vmel_”'(wll, e, WIN, W2y e e ey w2N) and
Va,, L (w11, .., win, wat, . .., waN)
End for
1) Average the gradients of all batches as the gradients of
. Nyatch ..
. 1 ,
i-thepoch Vy,,, L* = g=— ] ) Vi,, L*? and
j=
i 1 Nyatcn i
vw?nL = Nyatch = vw2nL ’

2) Update weights of each subcarrier as

+1 _ ;
wﬁnﬂ— wi, — tVw,, L* and
K _ 7 3
Wy, = Wop — MVanL
End for

Section III, the performance is firstly analyzed by simulations
in linear channels with filtering penalties and the additive white
Gaussian noise (AWGN). Then the performance of the proposed
scheme is validated by simulations in nonlinear channels where
fiber nonlinearity and chromatic dispersion (CD) are further
considered. Section IV presents experimental results. Finally,
this paper is concluded in Section V.

II. PRINCIPLE

In this section, the proposed subcarrier-joint pre- and post-
equalization framework for digital SCM systems along with

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 09,2025 at 08:17:24 UTC from IEEE Xplore. Restrictions apply.



7118

its optimization procedure are firstly introduced. Then the loss
function used in the optimization is derived.

A. The Framework and the Optimization Procedure

Fig. 1 illustrates the proposed equalization framework in a
digital SCM system with N subcarriers. In the transmitter,
generated symbols of each subcarrier are firstly upsampled to
2 samples per symbol (sps) and then jointly pre-equalized.
After being multiplexed, fiber transmissions and being de-
multiplexed, subcarriers are post-equalized in the receiver. In the
proposed framework, each equalizer is independently mapped
to a one-dimensional convolutional layer [10], and the joint
equalization is achieved by maximizing the average GMI. In this
procedure, the power of each subcarrier in the digital domain is
not constrained and it is determined by the pre-equalizer weights.
For each convolutional layer, the number of inputs equals the
number of filter weights, and the output is the present-time
filtered sample. In our simulations and experiments, sizes of
all equalizer weights are the same and preset to 101.

Based on the proposed framework in Fig. 1, weights of all
equalizers are updated by the Adam optimizer with the learning
rate ;4 using a batch gradient descent algorithm. The optimization
procedure in an N-subcarrier system is described in Algorithm 1.
First, the training dataset used for optimizations is generated and
the weights of all the equalizers are initialized. The weights of
the pre-equalizer and the post-equalizer for the n-th subcarrier
are denoted as wi,, and wa,,. The initial values of w1, and
wa, are set by matrices, of which the middle coefficient is 1 and
others are small values close to 0. Next, the weight optimization
process is performed Nepocn €pochs. Neyocn s usually deter-
mined by observations and we make sure that it is enough for
the convergence of weights. Each epoch includes Ny, batches
which is also pre-defined to satisfy the memory requirements
of computations. For each batch, the forward propagation is
performed as shown in Fig. 1 and the loss is calculated. Then
the backpropagation is performed and gradients of the loss to the
weights of all equalizers are computed based on the chain rule.
When the optimization procedure is performed Npq¢.p batches,
the gradients of all batches are averaged and the weights of all
equalizers are updated.

B. The Loss Function for Optimization

The optimization algorithm in Section II-A is applicable for
any performance metrics. In this paper, we choose the system
GMI under a fixed entropy as the performance metric which
can reflect the effective transmission rate of systems. For digital
SCM systems, the effective transmission rate is the sum of that
of all subcarriers which are calculated as the products of GMI
values and symbol rates. As symbols rates of subcarriers are
the same in this paper, the system GMI is the average GMI of
subcarriers. The average GMI can reflect the pre-soft-decision
forward error correction (pre-SD FEC) performance of digital
SCM systems [19]. However, if the average GMI is directly used
for the equalizer optimization, the calculation of gradients will
overflow. To address this problem, a novel loss function used in
Algorithm 1 is designed and introduced in this part.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 20, OCTOBER 15, 2024

The average GMI of subcarriers GM [ is calculated as (1)
[20], where the first term is the average entropy of subcarriers
and the second term indicates the impact of channel noises. NV
is the subcarrier number and [ is the symbol length. z,, j is
the k-th transmitted symbol of the n-th subcarrier and Px (1)
is the probability of x,, ;. by i is the i-th bit of x,, . m =
logs (M) and M is the order of the adopted quadrature amplitude
modulation (QAM) format. A, 1, ; is the soft bit-wise de-mapper
output and it is computed as [20]:

N l
_ 1
GMI = XN Z [—loga (Px (7nk))]
n=1k=1
1 N l m b .
T o e (1) )
X n=1k=1i=1
[0, —n ’
" i 67T PX In
A = log =225 e ol
Yn,k—Tn
an€X6 € o P (an)

where y,, . is the k-th received symbol and o2 is the noise
variance of the auxiliary channel for the n-th subcarrier. x¢ and
X} denote the set of constellation points whose i-th bit is 1 and
0, respectively.

Based on (1), the second term can be used as the loss func-
tion to maximize the average GMI of subcarriers. However,
the overflow may happen in this case because the gradient of
Ay, i to the denominator of the anti-logarithm in (2) can be
negative infinity, especially for bit precisions lower than 64-bit.
The bit precision used in this paper is 32-bit. The denominator
is determined by both modulation formats and SNR, and the
overflow can easily occur in practical configurations for both
probabilistically shaped (PS) QAM signals and standard uniform
QAM signals. Taking the PS 64-QAM format with an entropy of
5 bits/symbol for example, the overflow occurs when the SNR
is larger than 10 dB (GMI is 3.3 bits/symbol). For the uniform
64-QAM format, the overflow occurs when the SNR is larger
than 13 dB (GMI is 3.7 bits/symbol). To avoid the overflow, the
GMI can be approximately calculated in the logarithmic scale
[21]. However, the approximation will lead to a performance
degradation. Therefore, we propose a new approach to address
this problem as described in the following.

First, 02 in (2) is multiplied by a constant o which is larger
than 1, as shown in (3). In this paper, « of all subcarriers is set to
30 which is determined to avoid the overflow for all subcarriers.
After introducing «, the quasi-GMI based on (3) deviates from
the real GMIbased on (2). As shownin Fig. 2, the right ordinate is
the quasi-GMI based on (3) and the left ordinate is the deviation
in GMI which is calculated as the ratio of the real GMI based on
(2) to the quasi-GMI based on (3). For a fixed «, the deviations
in GMI of signals with different SNRs are different. In the
SCM system with cascaded ROADMs, SNRs of subcarriers
are different and thus the deviations in GMI of subcarriers are
different. In this case, the average of the quasi-GMI based on
(3) is not proportional to the real average GMI and Algorithm 1
will converge to a local optimum. Therefore, we further propose
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to multiply the channel noise term of the n-th subcarrier by a
factor (3, to make sure that the average of the quasi-GMI is
proportional to the real average GMI. Finally, the loss function
is derived as (4) where [3,, is not restricted to fixed values, as
long as the combinations of [3,, enable the loss function to be
proportional to the second term of (1).
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In the proposed scheme, based on the SNR distribution of the
post-equalization scheme, « is firstly predetermined to ensure
that the gradient calculations of all subcarriers do not overflow.
Then an initial /3,, is determined for the n-th subcarrier, based on
the relationship between o and /3 in Fig. 2. Next, the optimization
based on Algorithm 1 is performed and f3,, is updated based
on the optimized SNR distribution in the previous optimization
loop. Finally, after several iterations, the optimized (3,, and equal-
izer weights are obtained. In our simulations and experiments,
we observe that six iterations are usually sufficient.

III. SIMULATION RESULTS
A. The Simulation Setup

The performance of the proposed scheme is evaluated by
extensive simulations in a 4-subcarrier system under a fixed
system transmission rate. The simulation setup is depicted in
Fig. 3. Transmitted symbols of each subcarrier are firstly gen-
erated based on the PS 64-QAM format with an entropy of 5
bits/symbol. After being up-sampled and shaped by a 64-tap
root raised-cosine (RRC) filter with a roll-off factor of 0.1, all
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Fig. 3. Simulation setup.

subcarriers are jointly pre-equalized and then multiplexed to an
SCM signal with an aggregate symbol rate of 65 GBaud. The
symbol rate and the spacing of each subcarrier are 16.25 GBaud
and 17.875 GHz, respectively. The back-to-back (BTB) SNR of
18 dB is emulated by loading equal amounts of AWGN in the
transmitter and receiver. The transmission link consists of stan-
dard single-mode fiber (SSMF), erbium-doped fiber amplifiers
(EDFAs) and ROADMs. The fiber length of each span is 80 km.
An EDFA with a noise figure of 5 dB and a gain of 16 dB is
inserted after each span to compensate for the fiber loss. Then
a ROADM is inserted followed by an EDFA which is used to
ensure a constant signal launch power of each span. A ROADM
consists of two WSSs [3] and the transfer function of each WSS
is emulated as (5)—(6) [22].

By _ _Bo _
S(f) :;5\/277{67‘f< 2\/50]0> —erf <220 f)}
(%)

Borr
0 = 6
2V 2In2 ©

where By is the bandwidth of the WSS and it is set to 75 GHz in
the simulations. Borr is the 3-dB bandwidth of the Gaussian
optical transfer function and it is set to 12 GHz.

In the simulations, two link channels are considered: 1) the
linear channel where only the optical filtering, fiber loss and am-
plified spontaneous emission (ASE) noises are considered; 2) the
nonlinear channel where fiber nonlinearity and CD are further in-
troduced. The equalization performance of the proposed scheme
is comprehensively analyzed in the linear channel and then val-
idated in the nonlinear channel. In the receiver, after subcarrier
de-multiplexing, matched filtering and the post-equalization are
implemented. Finally, the GMI of each subcarrier is calculated.
It is noted that the CD compensation is only conducted in the
second link scenario.

To analyze the performance of the proposed scheme, the
following four schemes are adopted for comparison: 1) the
traditional equalization scheme with the post-equalization alone
for each subcarrier, denoted by “Post”; 2) the joint pre-
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and post-equalization for each subcarrier separately [10], de-
noted by “Pre+Post-EachSub.”; 3) the scheme where the post-
equalization is firstly performed followed by the power loading
with one scale factor for each subcarrier, denoted by “Post+PL";
4) the scheme where the separate pre- and post-equalization
for each subcarrier is firstly performed followed by the power
loading, denoted by “(Pre-+Post-EachSub.)+PL”.

B. Results of Transmissions in the Linear Channel

In this part, the GMI gains of the proposed scheme over the
other four schemes are evaluated in the channel with filtering
impairments and ASE noise, and the launch power is set to
0 dBm.

In the simulations, as mentioned earlier, « is set to 30 and
[ in (4) are optimized by a binary search method. As the
frequency offset is not considered, (3,, of symmetrical subcarriers
are set to the same values. Based on the analysis of (4), 3,, are
not restricted to fixed values, as long as the loss function is
proportional to the second term of (1). Therefore, 35 3 of the
center subcarriers is fixed to 1 and only the optimized 3; 4 of
the edge subcarriers is shown in Fig. 4. Compared with the center
subcarriers, the SNR of the edge subcarriers is lower and thus
B1,4 is larger based on Fig. 2. For severer filtering impairments,
the SNR difference between the center and edge subcarriers is
larger and thus the difference of 3 is larger based on Fig. 2. As
shown in Fig. 4, 3 4 of the edge subcarriers increases with the
number of ROADM:s.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 20, OCTOBER 15, 2024
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Fig. 5 shows the GMI convergence curves of the proposed
scheme, taking the transmission with 7 ROADMs for example.
The average GMI converges after 120 epochs and subcarriers
with symmetrical center frequencies converge to very similar
performance. The initial increase of SNR of all subcarriers is
attributed to the ISI compensation. Later, since the SNR of the
center subcarriers is larger, their powers are transferred to the
edge subcarriers. During this process, the ISI compensation is
further optimized.

The average GMI of the five schemes are compared in Fig. 6.
Taking the transmission with 10 ROADM s for example, the GMI
gains of the proposed scheme over Post, Post+PL, Pre+4Post-
EachSub., and (Pre+Post-EachSub.)+PL are 0.3, 0.26,0.16, and
0.1 bits/symbol, respectively. Compared with Post, Post+PL
transfers the power from the center subcarriers to the edge
subcarriers to improve the average GMI. However, the gain is
limited because there is no futher compensation for the ISI which
is the main factor of the signal degradation. Compared with Post,
Pre+Post-EachSub. reduces the noise enhancement in the re-
ceiver and obtains partial gains. However, the equalizer weights
of each subcarrier are optimized separately and the optimization
among subcarriers is not considered in Pre4-Post-EachSub.. In
this case, the average GMI of SCM systems is restricted by the
GMI of the edge subcarriers with severe filtering impairments,
and thus the performance of Pre+Post-EachSub. is limited. For
(Pre+Post-EachSub.)+PL, the interplay of subcarrier powers
and the pre- and post-equalization is not considered, and there
is still a performance gap. Finally, in the proposed scheme, the
performance gap is filled by the joint optimization of subcarrier
powers and the pre- and post-equalization.

The power optimization results of Post+PL, (Pre+Post-
EachSub.)+PL and the proposed scheme are shown in Fig. 7(a),
where the ordinate is the relative power of the edge subcarriers
and the sum of all subcarriers is 1. Fig. 7(a) shows that compared
with the center subcarriers, more powers are allocated to the edge
subcarriers for all the transmission scenarios. This is because
the GMI of the center subcarrier is larger than that of the edge
subcarriers when the powers of the subcarriers are identical,
and some powers can be transferred from the center subcarriers
to the edge subcarriers to obtain a larger average GMI. For a
larger number of ROADMs, the SNR of the edge subcarriers is
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degraded more severely and less GMI gain can be obtained by
the power transfer. As aresult, in Fig. 7(a), the power of the edge
subcarriers decreases with the number of ROADMs. Compared
with Post+PL and (Pre+Post-EachSub.)+PL, the SNR of the
edge subcarriers in the proposed scheme is further improved
by the joint optimization of subcarrier powers and the pre- and
post-equalization. Correspondingly, more power is transferred
based on the proposed scheme in Fig. 7(a).

The optimized transfer functions of pre- and post-equalizers
of the five schemes are shown in Fig. 7(b) and Fig. 7(c),
respectively, taking the transmission with 10 ROADMs for
example. Note that the post-equalizers of Post+PL and Post are
the same, and pre- and post-equalizers of Pre+Post-EachSub.
and (Pre+Post-EachSub.)+PL are the same. Besides, since the
frequency offset is not considered and the center subcarriers are
not affected by the filtering, only transfer functions of the edge
subcarriers are provided. In Fig. 7(b), the transfer function values
of the proposed scheme are larger compared with Pre+Post-
EachSub., because it contains the power loading. Meanwhile,
based on the joint optimization of subcarrier powers and equal-
izer weights, the post-equalizers of the proposed scheme have a
higher equalization degree compared with Pre+Post-EachSub.,
as shown in Fig. 7(c). This is because the additive noise of the
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Fig. 9. The average GMI of the five schemes in the nonlinear channel.

edge subcarriers is equivalently smaller and more equalization
can be applied after the power transfer to the edge subcarriers.
Note that the equalization degree is defined by the relative
magnitudes of frequency points in this paper.

Fig. 8 compares the SNR distributions of the five schemes
where the SNRs of subcarriers with symmetrical center frequen-
cies are averaged. Compared with Post, Pre+Post-EachSub.
obtains a gain of about 1 dB for the SNR of the edge subcarriers
after each subcarrier is jointly pre- and post-equalized. For the
proposed scheme, the SNR gain of the edge subcarriers is larger
by jointly optimizing the power, the pre- and post-equalizer
weights of all subcarriers, and the SNR distributions are con-
sistent with the power optimization results in Fig. 7(a).

C. Results of Transmissions in the Nonlinear Channel

In this part, the performance of the proposed scheme is
validated in a single channel where fiber nonlinearity and CD
are introduced, and all equalizer weights are re-optimized for all
the transmission scenarios. For the nonlinear channel, the fiber
is simulated based on the split-step Fourier method (SSFM) and
the step size is 20 m. The optimal launch power is —1 dBm.
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Experimental Setup

H SCM Transmitter

Fig. 10.  The experimental setup.

As the performance of the proposed scheme has been analyzed
comprehensively in the linear channel and the analysis in the
nonlinear channel is similar, only the average GMI results of
the five schemes are presented in this part. As shown in Fig. 9,
the results of linear and nonlinear transmissions are similar. This
is because the fiber nonlinear noise is similar to AWGN [23],
and the change of signal spectrum due to the pre-equalization is
relatively small, which does not affect the amount of the fiber
nonlinear noise [14]. Taking the transmission with 10 ROADMs
for example, the GMI gains of the proposed scheme over Post,
Post+PL, Pre+Post-EachSub., and (Pre+Post-EachSub.)+PL
are 0.3, 0.26, 0.16, and 0.1 bits/symbol, respectively.

IV. EXPERIMENTAL RESULTS

In this section, the performance of the proposed scheme is
experimentally demonstrated in 4-subcarrier SCM systems with
an aggregate symbol rate of 32 GBaud. The symbol rate and the
spacing of each subcarrier are 8 GBaud and 9 GHz, respectively.
The BTB-SNR is 18 dB and scenarios with different filtering
impairments are emulated by a WS with different bandwidths
[17], [18]. To aid the optimization, a simulation setup is built
by setting the same configurations of filtering impairments and
noises as the experimental setup, including the transceiver noise,
fiber parameters and filter shapes of the WS. The transceiver
noise such as the quantization noise is emulated by AWGN and
equally loaded at the transmitter and the receiver. Note that the
transceiver bandwidth is not considered in the offline simulation
because it is sufficiently large in our transmissions. Then all the
filter weights are optimized offline based on this simulation setup
and finally used in the experiment. Finally, the average GMI of
each experimental transmission scenario is calculated.

A. The Experimental Setup

The experimental setup and DSP procedures are depicted
in Fig. 10. In the transmitter, PS 64-QAM symbols with an
entropy of 5 bits/symol for each subcarrier are firstly generated
in MATLAB. After being up-sampled and shaped by a 64-tap
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Local

Oscillator

1) Build the simulation setup based on experiments

2) Jointly optimize pre- and post-equalizers of subcarriers

________________________________________________

Coherent Receiver

RRC filter with a roll-off factor of 0.1, the subcarriers are
pre-equalized and then multiplexed to an SCM signal. Then the
In-phase/Quadrature (I/Q) de-skew is performed to compensate
the delay between I and Q components in the transmitter. The
generated digital SCM signals are sent to an arbitrary waveform
generator (AWG) with a sampling rate of 120 GSa/s and then
modulated by a dual-polarization I/Q modulator (DP-1/Q Mod.).
A tunable external-cavity laser (ECL) with a center frequency
of 193.4 THz is adopted and the nominal linewidth is 100 kHz.
Then the output optical signal is amplified by an EDFA. The
optimal launch power of signals is 3 dBm. In the transmission
link, the signal passes through five spans with a total length of
427 km and a WS with variable bandwidths. An EDFA is inserted
after each span and the WS to compensate for the fiber loss and
the insertion loss. In the receiver, the received optical signal is
converted into four electrical signals by an integrated coherent
receiver and another ECL with a nominal linewidth of 100 kHz
is used as a local oscillator. The electrical signals are sampled
by a digital storage oscilloscope (DSO) with a sampling rate of
100 GSars.

The received digital SCM signals are processed offline.
Firstly, the Gram-Schmidt orthogonalization procedure (GSOP)
is performed, followed by the frequency offset compensation
(FOC). After the subcarriers are de-multiplexed (Sub-Demux),
the least mean square (LMS) and carrier phase recovery (CPR)
are carried out. Then an 8 x 8 real-valued post-equalizer (8 x 8
MIMO) is employed to compensate for the residual IQ errors
from the transmitter [24].

B. Experimental Results

As the analysis of the experimental results is similar to that
of Section III, only the average GMI of the five schemes are
presented in this part. Applying the optimized pre-equalizers
obtained based on the simulation setup to experiments, the
average GMI of the five schemes are shown in Fig. 11. When
the bandwidth of the WS is 26 GHz, the GMI gains of
the proposed scheme over Post, Pre+Post-EachSub., Post+-PL
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Fig. 11. The average GMI of the five schemes in experiments.

and (Pre+Post-EachSub.)+PL are 0.75, 0.6, 0.35 and 0.2
bits/symbol, respectively. Different from the simulation results
in Section III, the performance of Post+PL is better than
Pre+Post-EachSub.. This is because the SNR of the edge sub-
carriers is larger (9~ 13 dB) than that in the simulations (<8 dB).
In this case, a larger average GMI gain is obtained by the power
transfer based on Post+PL.

V. CONCLUSION

In this paper, we propose a subcarrier-joint pre- and post-
equalization scheme including a novel loss function used for the
optimization of equalizer weights. The proposed loss function is
particularly necessary for a limited bit precision. Considering the
interplay of subcarrier powers and the relative values of equal-
izer weights, the proposed scheme jointly optimizes pre- and
post-equalizers of all subcarriers and obtains gains over current
equalization schemes. Extensive simulations and experiments
are performed to comprehensively evaluate the performance of
the proposed scheme. In the simulations with linear or nonlinear
channels, after the transmission with 10 ROADMSs, the GMI
gains of the proposed scheme over Post, Post+PL, Pre+Post-
EachSub., and (Pre+Post-EachSub.)+PL schemes are 0.3, 0.26,
0.16, and 0.1 bits/symbol, respectively. In the experiments, when
the bandwidth of the WS is 26 GHz, the GMI gains of the
proposed scheme over Post, Pre+Post-EachSub., Post+-PL and
(Pre+Post-EachSub.)+PL schemes are 0.75, 0.6, 0.35 and 0.2
bits/symbol, respectively.
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