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Abstract—We propose and demonstrate a bidirectional Vanilla
recurrent neural network (Vanilla-RNN) based equalization
scheme for O-band coarse wavelength division multiplexed
(CWDM) transmission. Based on a 4x50-Gb/s intensity
modulation and direct detection (IM/DD) system, we demonstrate
the significantly better bit error rate (BER) performance of the
Vanilla-RNN scheme over the conventional decision feedback
equalizer (DFE) for both Nyquist on-off keying (OOK) and
Nyquist 4-ary pulse amplitude modulation (PAM4) formats. It is
shown that the Vanilla-RNN equalizer is capable of compensating
for both linear and nonlinear impairments induced by the
transceiver and the single-mode fiber (SMF). As a result, up to
100-km and 75-km SMF transmission can be achieved for OOK
and PAM4 transmission, respectively. Furthermore, through the
comparison with other equalization schemes, including the linear
equalizer, 3"-order Volterra equalizer, and Volterra+DFE, it is
demonstrated that the Vanilla-RNN equalizer achieves the best
BER performance. In the meantime, it also exhibits lower
implementation complexity when compared to Volterra-based
schemes. Our results show that the Vanilla-RNN scheme is a
viable solution for realizing simple and effective equalization. This
work serves as an exploration and offers useful insights for future
implementations of reach-extended O-band CWDM IM/DD
systems.

Index Terms—Machine Learning; O-band Transmission;
Intensity-modulation and Direct-detection; Coarse
Wavelength-division Multiplexing.
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I. INTRODUCTION

ACHINE learning (ML) has been attracting extensive
interest from both academia and industry in the optical
communications community in recent years [1]. A wide range
of applications that exploit the use of ML have been reported,
including optical performance monitoring, optimization of
optical networks, fault management in optical networks,
optimization of the design of physical-layer systems and
components, and advanced digital signal processing [2-4].

Amongst these applications, ML-assisted equalization has
been considered as a promising solution to realize the recovery
of targeted signals. While it is challenging for traditional
equalization schemes to simultaneously accommodate the
channel impairments induced by chromatic dispersion (CD) in
single-mode fibers (SMFs), the interplay between square-law
detection and the chirping in the lasers/modulators, as well as
the addition of noise in the system [5-7], ML techniques have
demonstrated excellent capability to mitigate both linear and
nonlinear distortions in optical transmission systems [8-11]. In
[8], an end-to-end deep neural network (NN) based scheme was
demonstrated in a single-wavelength C-band intensity
modulation and direct detection (IM/DD) system, showing
superior bit error rate (BER) performance compared to linear
feedforward equalization (FFE). A NN-based equalization
scheme was evaluated in a C-band passive optical network
system in [9], wherein it was shown that the NN-based
equalizer, while having similar equalization performance to the
linear FFE and Volterra nonlinear equalization with regard to
linear distortions, exhibited much better performance under
nonlinear distortions.

While most of the previous works focused on the use of
ML-based equalization in the C-band, the use of ML-based
equalization is even more desirable in the O-band, especially in
emerging amplified wavelength-division multiplexed (WDM)
systems, where the nonlinearity issue in these systems may
become more pronounced due to the low CD in this spectral
region [12, 13]. While the O-band is generally specified for use
in short-reach applications, the recent emergence of
bismuth-doped fiber amplifiers (BDFAs) has enabled a
substantial extension of the achievable reach [14-16]. However,
only a few works on ML-based equalization in O-band systems
have been reported to date, most of which focused on
single-wavelength short-reach O-band transmission [17-19]. In
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[17], an artificial NN-based equalizer was proposed for a
1310-nm 20-Gb/s 4-ary pulse amplitude modulation (PAM4)
transmission over 18-km length of SMF. Significant reduction
in the nonlinearity-induced penalty was demonstrated, leading
to increased system capacity. The performance of a
conventional NN-based equalizer was evaluated in both the C-
and O-bands over 25 km of SMF, showing superior resistance
to nonlinearity and noise introduced in the transmission [18]. In
[19], we proposed a bidirectional gated recurrent unit (GRU)
network based equalization scheme for 4>50-Gb/s O-band
coarse WDM (CWDM) Nyquist on-off keying (OOK)
transmission and demonstrated significant receiver sensitivity
improvements in both back-to-back (B2B) and 50-km long
SMF links compared to the conventional decision feedback
equalizer (DFE).

In this paper, we propose to use the bidirectional Vanilla
recurrent NN (Vanilla-RNN) based equalization scheme in
O-band CWDM transmission. Through a 4x50-Gb/s IM/DD
setup, we show that Vanilla-RNN equalization can achieve
significantly better BER performance compared to the
conventional DFE scheme for both Nyquist OOK and PAM4
signals. Consequently, by using Vanilla-RNN equalization,
transmission of the 200-Gb/s OOK and PAM4 signals is
demonstrated over 100 km and 75 km, respectively. Moreover,
the performance of the Vanilla-RNN scheme regarding BER
and implementation complexity is further evaluated by
comparison with other linear/nonlinear schemes, including the
linear equalizer, 3-order Volterra, and Volterra +DFE.

The rest of this paper is organized as follows: In section I,
the principle of the Vanilla-RNN equalizer will be presented.
Section I11 shows the experimental setup of the O-band CWDM
IM/DD system. The experimental results of the 4x50-Gb/s
O-band CWDM transmission are given in Section V. Section
V presents a comparison amongst different equalization
schemes. Finally, the conclusions of this work are summarized
in Section VI.

Il. PRINCIPLE OF THE PROPOSED ML-ASSISTED EQUALIZATION

The illustration of Vanilla-RNN unit employed in this work
is shown in Fig. 1(a), and its output hy is given by

h =tanh(W-h, +U -x), @

where the W and U matrices contain the weights of
connections; X, A, A1 are the input, hidden output, and previous
hidden output, respectively; and tanh denotes the hyperbolic
tangent activation function.

Fig. 1(b) shows the layered diagram of the bidirectional
Vanilla-RNN equalizer. Its input x is a NxL vector of the
match-filtered OOK/PAM4 signal at the receiver (Rx), where N
denotes the total number of input symbols, and L = 2k + 1
stands for the length of the input. The input x has F features
(Note that features refer to individual measurable
characteristics of the input, and in our work, the input symbol
sequence itself is defined as the only feature, thus F = 1 for both
OOK and PAM4). At time t, the input can be expressed as
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Fig. 1. (a) Conceptual illustration of the Vanilla-RNN unit, and (b) diagram of
the bidirectional Vanilla-RNN equalizer.

X = X Xen X X oo X | @)

This means that at time t, k preceding and k succeeding
symbols to the current symbol x; are used to track the
inter-symbol dependencies. The extent of the length L depends
on the foreseen channel memory, which relates to the
accumulated CD in the SMF and the bandwidth limitation of
the transceiver. Furthermore, the input was fed as a sliding
window, so that the network could learn the extent of the
inter-symbol interference. As shown in Fig. 1(b), the input x
first goes through the bidirectional Vanilla-RNN layer with H
hidden units, which will process the input in both the forward
(left-to-right) and backward (right-to-left) directions. Note that
double-ended arrows in Fig. 1(b) are used to indicate that the
hidden units will handle both preceding and succeeding
symbols (i.e., with their inputs being Xk, ..., Xe-1, Xt, Xts1, «+y Xtk),
whereas the single-ended arrows mean that the hidden units
will process the same input (x;). The output of the Vanilla-RNN
layer, i.e., hy, is then sent to the fully connected layer which
consists of only one neuron (n = 1) for both the OOK and the
PAM4 cases. The fully connected layer adopts the regression
approach for bit classification, which significantly reduces the
implementation complexity without sacrificing the BER
performance, compared to the symbol-wise classification
approach [20]. The final output of the Vanilla-RNN equalizer at
time t is given by
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’ yt+k ] (3)

In this way, the Vanilla-RNN equalizer was trained by the
many-to-many approach (i.e., many input symbols and many
output symbols), which produces simultaneously the same
number of symbols y as those at the input x [21, 22]. In this
work, the length of the input word (L) was set to 21.
Accordingly, the Vanilla-RNN equalizer outputs 21 equalized
symbols, out of which K symbols were used for subsequent
OOK/PAM4 de-mapping. As has been demonstrated in [22],
the symbols at the center of the word exhibit comparable BERs
and optimal performance, whilst the BER performance will
gradually degrade when the symbol is away from the center of
the word. Therefore, in this work, the central K = 10 symbols
that share similar (and optimal) BER performance were used
for de-mapping. The numbers of hidden units (H) for OOK and
PAM4 were set to be 8 and 10, respectively. Note that this
slightly higher number of hidden units for PAM4 was to
account for its greater vulnerability to nonlinearities, owing to
its higher-order nature. The Vanilla-RNN equalizer was built,
trained and evaluated in Keras with Tensorflow 2.3 GPU
backend. In the Keras platform, mean square error (MSE) and
Adam were chosen as the loss function and optimizer for BER
evaluation, respectively. For each data frame captured at the
Rx, we considered 40,000 symbols for training, 20,000
symbols for validation, and 60,000 symbols for testing with
unknown data, and in total five data frames were used for BER
calculation. The training stage was executed with batches of
1000 words of symbols for the optimal balance between
memory allocation size and execution time. At the training
stage, in order to obtain the weights in Eqg. (1), the
back-propagation through time algorithm was used to compute
the gradient, whilst the stochastic gradient descent algorithm
was used to perform learning using this gradient [23].
Furthermore, all words of symbols in each batch are processed
in parallel using GPUs at the training stage. While the amount
of memory scales with the batch size, the advantage of
multicore architectures of GPUs is normally underutilized if the
batches are relatively small [23]. Therefore, we have optimized
the balance between memory allocation and execution time,
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which resulted in the batch size of 1000 words of symbols. Note
that the batch size does not affect the equalization performance,
since it only adjusts the rate at which the gradients are
evaluated. The maximum forward and backward passes of all
training sequences (epochs) were both 500. The number of
epochs, i.e., the number of complete passes through the training
dataset, is related to the batch size and the length of training set.
While reducing the number of epochs will result in complexity
reduction of the training stage, it will also sacrifice some of the
transmission performance. On the other hand, despite the
training stage being a computationally demanding procedure,
optical fiber channels are relatively stable over time, making it
unlikely to require further re-training processes. As a result, the
training complexity is not expected to affect the overall
complexity of the system, as explicitly detailed in [20]. To
avoid overfitting in the training stage, we adopted an ‘early
stopping’ process when the validation loss did not decrease
after 20 successive epochs.

We note that the Vanilla-RNN model is adopted for the
implementation of equalization, because it offers similar
performance compared to other RNN models (e.g., long
short-term memory, and gated recurrent unit) while exhibiting
the lowest computational complexity [22]. A detailed
comparative analysis regarding the pros and cons of the three
types of RNN models can be found in [22].

I1l. EXPERIMENTAL SETUP

To verify the performance of the proposed Vanilla-RNN
equalizer, we implemented an O-band 4>50-Gb/s/A CWDM
system, as shown in Fig. 2(a). The transmitter (Tx) consisted of
four continuous wave lasers and two Mach-Zehnder
modulators (MZMs). The odd channels (1330.6 hm and 1351.1
nm) and even channels (1343.1 nm and 1360.0 nm) were fed
into different MZMs for WDM channel de-correlation. In this
way, the odd and even WDM channels can be fully
de-correlated, and negligible impact from channel correlation is
expected in our experiments. After the MZMs, the modulated
optical signals were combined via an optical coupler and then
amplified by a booster BDFA. The launch power to the SMF
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Fig. 2. (a) Experimental setup of the O-band CWDM transmission, and optical spectra of the modulated signals after the MZMs in the case of (b) Nyquist OOK and

(c) Nyquist PAM4.
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was controlled by a variable optical attenuator (VOA1), 1% of
which was tapped out for power monitoring. After transmission
in the SMF, another VOA (VOAZ2) was used to adjust the input
power to the pre-amplifier (BDFAZ2), so as to vary the optical
signal-to-noise ratio (OSNR) at the Rx. Following BDFAZ2,
another VOA (VOA3) was used to ensure that a constant
optical power (around -10 dBm) was fed to the photodetector
(PD, Finisar XPRV2022A) in all OSNR cases and for all WDM
channels. Note that the PD offered a typical conversion gain of
500 V/W thanks to the integration of a trans-impedance
amplifier, which ensured that the received optical power used
in the experiments was well above the sensitivity limit of the
PD. An optical bandpass filter (OBPF) with a bandwidth of 1.2
nm was used to select the WDM channel for performance
evaluation. 1% of the optical signal after the OBPF was fed into
an optical spectrum analyzer (OSA) for OSNR monitoring at
0.1-nm resolution bandwidth. Note that similar to the prior
works [24, 25], the measurement of the signal power in the
OSNR calculations accounted for both the optical carrier and
the sideband signal. It is worth noting that the CWDM settings
in this work (i.e., ~1330 to 1360 nm with a 10-nm spacing) are
mainly chosen to suit the gain profile of the used BDFAs.
While this experimental choice might not be in accordance to
recent standards (e.g., 200GBASE-FR4), our experiments offer
a useful exploration of the performance of ML-assisted
equalization in reach-extended O-band WDM systems.

Thanks to the use of optical amplification, the lengths of
SMF adopted in the CWDM experiments were up to 75 km and
100 km for the Nyquist PAM4 and Nyquist OOK transmission,
respectively. The insertion losses of the 75-km and 100-km
SMFs were around 23.5 dB and 31.3 dB, respectively, at the
wavelengths of interest. The CD values of the SMF at the four
WDM wavelengths were estimated to be 1.5, 2.3, 3.3, and 3.8
ps/nm/km, respectively. The booster BDFAL had a gain of ~20
dB at an input power of -6 dBm, and the pre-amplifier BDFA2
exhibited >25-dB gain under -20-dBm input power. We also
evaluated the performance of the system in the back-to-back
(B2B) case, wherein the booster BDFAL and transmission fiber
were excluded, as indicated by the dashed line in Fig. 2(a). The
optical spectra of the 4>50-Gb/s/Ax WDM signals in the Nyquist
OOK transmission and Nyquist PAM4 transmission cases are
shown in Fig. 2(b) and Fig. 2(c), respectively.

Despite the CD values being relatively low at the four WDM
wavelengths, the impact of CD is cumulative with transmission
distance. This means that when the length of the fiber link is
sufficiently long, CD will eventually cause destructive power
fading for O-band transmission, resulting in severe
inter-symbol interference. Using these values, we have
simulated the CD-induced power fading for the four CWDM
channels after 75-km and 100-km SMF transmission, and the
results are presented in Fig. 3. It is clearly seen that severe
power fading will be experienced, especially at longer
wavelength (i.e., more dispersive) channels. This indicates that
efficient equalization techniques which can effectively combat
the power fading (and thus inter-symbol interference), such as
those studied in this work, are highly desirable for
reach-extended O-band WDM transmission.
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Fig. 3. Numerical results of the CD-induced power fading at the four O-band
CWDM channels after (a) 75-km and (b) 100-km SMF transmission.
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Fig. 4. DSP blocks for the Nyquist OOK/PAM4 signals.

The Nyquist OOK and Nyquist PAM4 signals were
generated and processed offline using the digital signal
processing (DSP) blocks shown in Fig. 4. At the Tx, the binary
input was first mapped to either OOK or PAM4 symbols,
followed by 90-times up-sampling and square-root raised
cosine (SRRC) filtering. The SRRC filter used a roll-off factor
of 0.1 and a span of 40 symbols. The pseudorandom unrepeated
binary input was generated by using rng(‘shuffle’) and the
Mersenne Twister generator with a period of 21%%7-1, The
filtered signal was then 50-times and 25-times down-sampled
in the OOK and PAM4 cases, respectively. Finally, the
resulting signal was fed into a 90-GSa/s arbitrary waveform
generator (AWG) for the generation of the 50-Gb/s Nyquist
OOK/PAM4 signal. We note that for simplicity, 90-times
up-sampling was used to match the sampling rate of the AWG
(90 GSals). To generate 50-Gb/s  signals, the
up-/down-sampling factors can be reduced as long as the ratios
between them are equal to 18/5 and 9/5 for PAM4 and OOK,
respectively. At the Rx, the captured data from the digital
storage oscilloscope (DSO) were first synchronized and
re-sampled before matched SRRC filtering was applied.
Subsequently, either a conventional equalization scheme or the
proposed Vanilla-RNN equalizer was applied to the filtered
signal before performing OOK/PAM4 de-mapping. After
de-mapping, the recovered binary sequence was used to
calculate the BER of the transmission via error counting.

We note that the conventional DFE equalizer, which can deal
with the CD-induced power fading [26] in longer-reach O-band
CWDM systems, was first used as a benchmark to evaluate the
performance of our proposed Vanilla-RNN equalization
scheme. The DFE equalizer was half-symbol-spaced (i.e., the
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input was re-sampled at 2 samples/symbol) and the recursive
least squares (RLS) adaptive algorithm was adopted in the DFE
scheme, and the numbers of feedforward and feedback taps
were optimized to be 17 and 7, respectively. We note that the
DFE equalizer was operated at 2 samples/symbol to offer better
performance, as this can combat the aliasing issue and is less
sensitive to phase sampling delay [27]. In contrast, the
Vanilla-RNN equalizer was only symbol-spaced to reduce
implementation complexity, yet this can still offer excellent
BER performance as will be demonstrated in the following. In
Section V, we present results where the 1330.6-nm channel is
used as an example to perform a more comprehensive
comparison that also includes the linear equalizer (i.e., FFE),
Volterra and Volterra+DFE schemes.

IV. EXPERIMENTAL RESULTS OF THE O-BAND CWDM
TRANSMISSION

A. B2B transmission

The performance of the Vanilla-RNN equalizer was first
characterized in the B2B link of the O-band CWDM system
and the results for OOK and PAM4 are shown in Fig. 5 and Fig.
6, respectively. Note that the dashed lines shown in the figures
represent the corresponding linear fitting results. It is seen that
in both OOK and PAM4 cases, the four WDM channels
exhibited comparable BER versus OSNR performance. For the
50-Gb/s/A Nyquist OOK B2B transmission shown in Fig. 5,
BERs below the hard decision forward error correction limit
(HD-FEC, 3.8x107®) were achieved. Meanwhile, compared to
the conventional DFE scheme, the proposed Vanilla-RNN
equalization required around 1 dB lower OSNR to realize BERs
below the HD-FEC limit.
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Fig. 5. BER versus OSNR for the B2B Nyquist OOK transmission at: (a)
1330.6 nm, (b) 1343.1 nm, (c) 1351.1 nm, and (d) 1360.0 nm. Dashed lines:
results of linear fitting.

In comparison, as shown in Fig. 6, for 50-Gb/s/A Nyquist
PAM4 transmission, the Vanilla-RNN scheme offered ~2-dB
OSNR sensitivity enhancements at the HD-FEC limit. The
more significant improvements in the PAM4 transmission case
are attributed to the fact that PAM4 is more susceptible to
system nonlinearities [16] originating from the transceivers, as
compared to OOK.
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Fig. 6. BER versus OSNR for the B2B Nyquist PAM4 transmission at: (a)
1330.6 nm, (b) 1343.1 nm, (c) 1351.1 nm, and (d) 1360.0 nm. Dashed lines:
results of linear fitting.

B. 100-km OOK transmission and 75-km PAM4 transmission

We next carried out transmission experiments of the
50-Gb/s/A. OOK and PAM4 CWDM signals over 100-km and
75-km lengths of SMF, respectively. The 1330.6-nm channel
was taken as an example to investigate the BER performance
versus total launch power and the corresponding results are
presented in Fig. 7 for both the OOK and the PAM4 cases.
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Fig. 7. BER versus total launch power of the 1330.6-nm channel: (a) Nyquist
OOK transmission after 100-km length of SMF, and (b) Nyquist PAM4
transmission after 75-km length of SMF. Dashed lines: results of linear fitting.

It is seen that in both cases, the BER was reduced with an
increase in the total launch power, and no performance
degradation was observed under a launch power as high as 13.5
dBm (i.e., ~7.5 dBm/channel). This was mainly due to the
coarsely spaced WDM channels (~10-nm spacing), which
offered enhanced tolerance to fiber nonlinearity. As shown in
Fig. 7(a), the lowest BER achieved when using the DFE
scheme in 50-Gb/s 1330.6-nm 100-km Nyquist OOK
transmission was still above the HD-FEC, even when the
maximum available total launch power of 13.5 dBm was used.
When using the Vanilla-RNN equalization, BERs below the
HD-FEC limit could be achieved. To obtain the same BER as
with the DFE scheme, a launch power reduced by ~2.5 dB was
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required. For 75-km Nyquist PAM4 transmission, the DFE
scheme was able to realize BERs slightly below the HD-FEC
limit. However, as shown in Fig. 7(b), significantly lower BERs
could be achieved for the same launch power when adopting
the Vanilla-RNN equalizer. Approximately 3-dB lower launch
power was required to achieve a BER below the HD-FEC limit
when Vanilla-RNN was adopted.

With a fixed launch power of 13.5 dBm, we then investigated
the BER performance of both 100-km OOK and 75-km PAM4
transmission under different OSNRs at the four WDM
channels. Fig. 8 shows the results in the 100-km OOK
transmission case.
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Fig. 8. BER versus OSNR for the Nyquist OOK transmission after 100-km
length of SMF: (a) 1330.6 nm, (b) 1343.1 nm, (c) 1351.1 nm, and (d) 1360.0
nm. Dashed lines: results of linear fitting.

It is seen that the BER performance degraded with an
increase in wavelength. This resulted from the increased CD at
longer wavelengths [16], which imposed a more severe
CD-induced power fading. As a result, none of the four
channels were able to achieve a BER lower than the HD-FEC
limit when using the DFE scheme. Even when the soft decision
FEC (SD-FEC, 2.4x10?) limit was considered, only the
shortest two wavelengths (i.e., 1330.6 nm and 1343.1 nm)
could achieve BERs below this limit. By using the
Vanilla-RNN equalizer instead, the BERs of all four channels
were well below the SD-FEC limit, which corresponded to at
least 4-dB OSNR sensitivity improvement. In addition, the
BER performance amongst the four channels exhibited minor
differences when compared to that in the DFE case. This
indicates that the Vanilla-RNN equalization is almost
wavelength agnostic, proving its ability to compensate for the
CD-induced power fading effect. Nevertheless, further BER
performance improvements can be achieved in longer
wavelength (i.e., more dispersive) channels through the use of a
larger number of hidden units and/or a longer word length.
However, this will inevitably result in an increase in the
implementation complexity of the Vanilla-RNN scheme. Note
that although substantial BER reduction was demonstrated at
the 1360.0-nm channel relative to the DFE scheme, the
achievable BER performance was restricted by the available
OSNR, which was due to the lower gain of the BDFAs at this

wavelength.

Compared to the Nyquist OOK, Nyquist PAM4 occupies
half the signal bandwidth while realizing the same data rate,
though this comes at the expense of an increased susceptibility
to nonlinear distortions. The halved bandwidth, however,
provides four times higher tolerance to the CD-induced power
fading. As aresult, similar BER performance could be achieved
for the first three WDM channels in the 75-km PAM4
transmission case, and the longest-wavelength channel only
exhibited minor BER performance degradation. As shown in
Fig. 9, the Vanilla-RNN equalization offered around 1-dB and
4-dB OSNR sensitivity improvements at the SD-FEC and
HD-FEC limits, respectively. Similar to the OOK case, the
achievable BER of the 1360.0-nm channel was also
compromised by the available OSNR due to the lower gain of
the BDFAs at this channel.
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Fig. 9. BER versus OSNR for the Nyquist PAM4 transmission after 75-km

length of SMF: (a) 1330.6 nm, (b) 1343.1 nm, (c) 1351.1 nm, and (d) 1360.0
nm. Dashed lines: results of linear fitting.

By comparing the results of the OOK transmission for B2B
and the 100-km SMF link, it is clear that the proposed
Vanilla-RNN equalization offers significantly better tolerance
to the CD-induced power fading, compared to the DFE scheme.
In addition, for the PAM4 transmission, the OSNR sensitivity
improvement increased from ~2 dB in the B2B to ~4 dB after
fiber transmission, thereby confirming that the Vanilla-RNN
scheme also exhibits superior capability to combat impairments
in the transmission fiber.

V. PERFORMANCE COMPARISON AMONGST DIFFERENT
EQUALIZATION SCHEMES

In this section, we present one further evaluation study of the
performance of Vanilla-RNN equalization by comparing it with
a few other existing linear/nonlinear equalization schemes. In
addition to DFE which was already presented above, these
include the linear equalizer, nonlinearVolterra and nonlinear
Volterra+DFE schemes. Unlike the DFE scheme, the linear
equalizer is less effective in terms of combating the
frequency-selective fading, but it has lower implementation
complexity [6, 28]. On the other hand, it has been demonstrated
that nonlinear Volterra equalization is very effective against the
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nonlinearities of both the transceivers and the transmission
fiber, although its complexity is also substantially higher than
that of the linear/DFE schemes [28]. We have also included the
scheme of Volterra+DFE, in which DFE is cascaded after the
Volterra equalizer to enhance its ability to tackle power fading.

For the linear equalizer, the number of taps was 25, and it
used the same adaptive RLS algorithm as was adopted in the
DFE scheme. The order of the nonlinear Volterra was 3, and the
corresponding tap numbers were 21, 11, and 5, respectively. To
ensure a fair comparison amongst the different equalizers, these
respective numbers of taps were optimized to achieve the
optimal BER performance at a relatively low computational
complexity. We take the 1330.6 nm channel as an example to
investigate their respective BER performance versus OSNR in
both B2B and 100/75-km SMF links for Nyquist OOK/PAMA4
signals. The analysis with regard to the implementation
complexity will be also presented.

A. BER comparisons

Fig. 10 shows the BER results of different equalization
schemes in the B2B OOK case. It is seen that the DFE,
Volterra, and Volterra+DFE schemes showed comparable BER
performance, which was slightly better than that achieved by
the linear equalizer. The proposed Vanilla-RNN equalizer
exhibited the best BER performance amongst these schemes,
and the required OSNR to achieve a BER below the HD-FEC
limit was reduced by ~0.5 dB.
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Fig. 10. BER versus OSNR of different equalization schemes in the B2B
Nyquist OOK transmission at the 1330.6-nm channel. Dashed lines: results of
linear fitting.

In comparison, as shown in Fig. 11, when the higher-order
PAM4 format was used, the linear and DFE schemes showed
almost the same BER performance, indicating that the DFE
scheme is also less effective against transceiver nonlinearities.
When using the Volterra scheme, a considerable BER reduction
was achieved, showing that the Volterra equalizer is capable of
compensating for the nonlinearities of components in the B2B
link. Cascading an additional DFE after the Volterra (i.e.,
Volterra+DFE) did not introduce much performance
improvement, since no power fading was experienced in the
PAM4 B2B link. Furthermore, once again Fig. 11 confirms that
the optimal BER performance was still achieved by the

Vanilla-RNN scheme. While the Volterra, Volterra+DFE, and
Vanilla-RNN schemes could all achieve BERs lower than that
of the linear/DFE scheme, the Vanilla-RNN scheme exhibited
the best OSNR sensitivity.
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Fig. 11. BER versus OSNR of different equalization schemes in the B2B
Nyquist PAM4 transmission at the 1330.6-nm channel. Dashed lines: results of
linear fitting.
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Fig. 12. BER versus OSNR of different equalization schemes in the Nyquist
OOK transmission at the 1330.6-nm channel after 100-km length of SMF.
Dashed lines: results of linear fitting.

We then investigated the performance of these equalization
schemes when the signals were transmitted in 100/75-km
lengths of SMF for Nyquist OOK/PAMA4. The results of the
100-km OOK transmission are presented in Fig. 12. Similar to
the B2B case, the linear equalizer showed the worst BER
performance. On the other hand, since the Volterra scheme
cannot combat the CD-induced power fading, its BER
performance was worse than that of the DFE and Volterra+DFE
schemes. In this case, the inclusion of DFE after the 3-order
Volterra equalizer was beneficial as it could further mitigate the
impact of CD-induced power fading, thus improving the BER
performance. However, none of these conventional schemes
could achieve a BER below the HD-FEC limit at the highest
OSNR of 24 dB. In contrast, by using the Vanilla-RNN scheme,
a BER well below the HD-FEC limit was demonstrated.
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Unlike the 100-km OOK transmission case wherein the
CD-induced power fading dominated the BER performance, as
we have mentioned in Section IV.B, after transmission in the
75-km length of SMF, the CD-induced power fading effect for
the 1330.6-nm channel was still relatively minor. Instead, the
nonlinearities originating from both the components and the
SMF determined the performance of the PAM4 transmission.
As a result, the BER performance of different equalization
schemes behaved in a similar manner to that in the B2B PAM4
link shown in Fig. 11. The linear and DFE schemes exhibited
comparable BER versus OSNR performance, and both of them
required ~3-dB higher OSNR to realize a BER lower than the
HD-FEC limit, when compared to the Volterra/Volterra+DFE
approach. Furthermore, the use of the Vanilla-RNN scheme
achieved the lowest BER and offered around 1-dB additional
OSNR sensitivity improvement compared to the Volterra-based
schemes, as shown in Fig. 13.

B. Comparisons of the implementation complexity

Finally, we compare the implementation complexity of
different equalization schemes. We note that a comparison of
the computational complexity amongst the linear, DFE and
Volterra schemes has already been reported in the literature [6,
28]. For the linear/DFE scheme, the required number of real
multiplications per symbol is only Nsampie>Ntap, Where Nsample iS
the number of samples per symbol and Ny, is the total number
of feedforward (and feedback) taps. Since it is known that the
Volterra approach is significantly more complex than the linear
and DFE schemes, in this section, we focus on a comparison
between the half-symbol-spaced 3"-order Volterra-based
equalizer and the symbol-spaced Vanilla-RNN.

While the computation of the tanh(*) function in the
Vanilla-RNN is relatively complex, the FPGA implementations
of non-linear activation functions with minor approximations
and small hardware footprint (only few LUTS) [29] indicate
that it can be implemented efficiently. Therefore, it is
anticipated that the implementation of real multiplications
represents the dominant contributor to the overall complexity.
Hence, we focus on the comparison of implementation

complexity in terms of the required number of real
multiplications per symbol [22, 30, 31].

The complexity of the Vanilla-RNN equalizer depends on
the number of features of its input (F = 1, as mentioned in
Section I1), the number of hidden units (H, 8 for OOK and 10
for PAM4), the length of the input word (L = 21), the number of
neurons used in the fully connected layer (n = 1), and the
number of simultaneously equalized symbols at its output (K =
10). The number of real multiplications per symbol to
implement the many-to-many Vanilla-RNN scheme is given by

2(FH +H?)L+2HnL

NVanilla = K ’ (4)

Therefore, it can be easily calculated that the required
numbers of real multiplications to implement the proposed
Vanilla-RNN equalizer for OOK and PAM4 signals are 336
and 504, respectively.

In contrast, the required number of real multiplications per
OOK/PAM4 symbol for the implementation of the
half-symbol-spaced 3"-order Volterra equalizer is given as [22,
30],

(L; =1+ j)!

Volterra = Zl (] 1)' (L 1)| (5)

where (-)! denotes the factorial operation; L; =21, L, =11, and
Lz = 5 are the numbers of taps of the 3"-order Volterra
equalizer. It can then be calculated that Nyoierra = 516 for both
the OOK case and the PAM4 case. This is greater than that
needed by the Vanilla-RNN equalizer in both the OOK (i.e.,
336) and the PAM4 cases (i.e., 504), as summarized in Table I.
For reference, the case of the DFE scheme is also included.
Despite its significantly lower required numbers of real
multiplications, as clearly demonstrated in the previous
sections, the corresponding transmission performance has been
inferior, and cannot satisfy the reach-extended O-band CWDM
transmission.

TABLE |
COMPARISON OF THE REQUIRED NUMBERS OF REAL MULTIPLICATIONS
DFE | Volterra | Vanilla-RNN
00K 48 516 336
PAM4 | 48 516 504

It is also worth noting that previous work carried out using
dense WDM (DWDM) coherent signals in the C-band suggests
that Vanilla-RNN is also well-suited to the processing of
DWDM channels [20, 22]. On the other hand, if the scheme is
to be applied to IM/DD signals in the C-band, it is anticipated
that a larger number of hidden units and/or a longer word length
will be necessary to combat the higher CD of the fiber in order
to achieve acceptable transmission performance, which
however will increase the implementation complexity.

VI. CONCLUSION

In this paper, we have proposed and demonstrated the use of
a bidirectional Vanilla-RNN equalizer for 50-Gb/s/A O-band
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CWDM IM/DD transmission. By applying the Vanilla-RNN
equalization to Nyquist OOK/PAM4 over both B2B and
100/75-km long SMF links, it was demonstrated that the
Vanilla-RNN equalizer is capable of compensating for both
transceiver nonlinearity as well as the CD and nonlinearity in
SMF. We also showed that Vanilla-RNN equalization exhibits
significantly better BER performance than the conventional
DFE scheme. This enabled 4x50-Gb/s Nyquist OOK and
PAM4 transmission over up to 100-km and 75-km lengths of
SMF, respectively. Furthermore, through a comparison
amongst the linear, DFE, Volterra and Volterra+DFE schemes,
we demonstrated that Vanilla-RNN achieved the best BER
performance. Additionally, its implementation complexity is
also lower than that of the Volterra-based schemes,
highlighting the potential for its use in practical longer-reach
O-band CWDM systems.
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