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Abstract. We discuss advanced maximum likelihood sequence estimation methods for short reach IM-
DD transmission, which include reducing complexity of Viterbi algorithm and improving the decoding
performance with precise emulation of nonlinear responses in transmission systems. We also present
transmission experiments over 200-Gbps/lane using our proposed methods. ©2022 The Author(s)

Introduction

Traffic growth in datacentre networks remains a
major challenge. Ethernet is deployed in data-
centre networks to economically provide high-
capacity short-reach transmission by increasing
the modulation rate, number of symbol levels,
and number of wavelength channels in intensity-
modulated direct detection (IM-DD) systems. A
task force meeting of the IEEE P802.3df project
is underway for the next generation 400GbE [1].
To achieve 800GbE, 200Gbps/lane, 4-lambda
wavelength-division multiplexing (WDM) is
planned as one of the objectives of IEEE
P802.3df.

Large inter-symbol interference (ISl), which is
caused by severe bandwidth limitations and
wavelength dispersion in high-speed IM-DD
transmission, has becomes a critical issue. It is
important to remove ISI without noise
enhancement by the equalization process, and
several methods have been reported. For
example, nonlinear-differential-coded pulse
amplitude modulation (PAM) and partial
response encoding have been studied as
spectral shaping techniques at the transmitter
side digital signal processing (DSP) [2-5].
Tomlinson-Harashima precoding and discrete
multi-tone have also been studied as methods for
maximizing the use of a priori transmission-
function information [6-8]. The decision feedback
equalizer (DFE) and maximum likelihood
sequence estimation (MLSE) have been studied
as techniques for receiver-side DSP [9, 10].

MLSE unlike transmitter side DSP techniques,
does not require modulation-format changes and
prior transfer-function information, and does not
cause error propagation as DFE does. However,
it is relatively computationally complex compared
with other receiver-side DSP methods, and its
effectiveness is reduced in transmission systems
with transfer functions that have non-linear
responses, as is the case with other DSP
methods.

We focus on our previously proposed
methods for reducing the complexity and
improving estimation accuracy of MLSE [11-20].
We also discuss our experiments involving O-
band transmission over 200-Gbps/lane using our
MLSE methods and present the results.

Improvement aspects of MLSE

In this section, we explain the concept of MLSE
and the Viterbi algorithm, and point out two
problems with MLSE.

Figure 1 shows the concept of a transmission
system and a receiver-side DSP using MLSE with
the Viterbi algorithm. The Viterbi algorithm in
MLSE prepares candidate sequences C that
represent all possible parts of the transmitted
signal sequence x,. The number of symbols in
this candidate sequence corresponds to the
memory length [ of the estimated transfer
function of the transmission system. The number
of candidate sequences is expressed as m!
using the number of symbol types m and [. To
obtain a decision of the received signal, the path
metrics of the trellis diagram are calculated. Path
metrics are the sum of the metrics of all the
branches that constitute each path. A branch
metric is the square of the difference between the
received signal and estimated received signal.

The first improvement in MLSE is in the
calculation amount. The Viterbi algorithm does
not sequentially increase the number of path
metrics by truncating paths with larger metrics.
However, the branch metrics corresponding to all
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Fig. 1: Concept of transmission system and MLSE.
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the candidate sequences need to be calculated
m! times for each symbol. This indicates that
reducing the number of candidate sequences
represented by m and [ is significantly effective
in reducing computational complexity. A way to
reduce m in the Viterbi algorithm is MLSE with
trellis-path limitation described in the next
section. Another way to reduce [ in the Viterbi
algorithm is MLSE with decision feedback, which
is described in a later section.

The second improvement in MLSE is the
accuracy of transfer-function estimation. As
shown in Figure 1, in the conventional MLSE
method, the estimated transfer function H is
represented by linear coefficients only. If the
transfer function H had only linear elements, the
receiver-side DSP would be able to estimate the
transfer function correctly. However, the
response of devices used in actual transmission
systems is not always guaranteed to be linear,
and especially in low-cost transmission systems,
it is important to consider that the system consists
of devices with non-linear responses. Therefore,
it is effective to enable estimation of transfer
functions that include non-linear responses to
improve estimation accuracy. MLSE for non-
linear channel estimation as a method for
achieving the above is described late in the
paper.

MLSE with trellis-path limitation

To reduce the number of candidate sequences,
we previously proposed a trellis-path limitation
MLSE method (TL-MLSE), as shown in Figure 2
[11]. The received signal sequence is input to a
channel shortening filter (CSF) and down-
sampled from T/2-space to T-space. As a result,
the impulse response of the CSF output is
compressed in the time direction. The candidate
sequences are input to a desired impulse
response filter (DIRF), which represents the
estimated transfer function. In the conventional
Viterbi algorithm, candidate sequences need to
be generated for all transmission patterns, and
the branch metrics corresponding to all candidate
sequences need to be calculated. Therefore, this
method uses the coarse decision result from prior
linear equalization (LEQ) to limit the transmission
patterns to be considered in the Viterbi algorithm.
When only the symbols represented by the
coarse decision result and the adjacent symbols
are considered, the number of candidate
sequences is suppressed to 3'.

Figure 3 shows the experimental results of the
tap-length dependencies on LEQ and CSF in (a)
PAM-8 225-Gbps (75-GBaud) 10-km
transmission and (b) PAM-8 255-Gbps (85-
GBaud) 10-km transmission in the O-band for

European Conference on Optical Communication (ECOC) 2022 ©
Optica Publishing Group 2022

Received signal

LEQ Temporary —| Limited trellis
decision generation

Cy '

¢, Candidate
: sequences
LEQ: Linear equalizer
CSF: Channel shortening filter

DIRF: Desired impulse response filter =
Decision

data

Fig. 2: Block diagram of TL-MLSE. (LEQ: Linear equalizer,
CSF: Channel shortening filter, DIRF: Desired impulse
response filter)
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Fig. 3: Transmission performance for (a) 225-Gbps 10-km
transmission and (b) 255-Gbps 10-km transmission for LEQ
(circles), conventional MLSE (triangles) and TL-MLSE (stars).

LEQ only and the conventional MLSE and our TL-
MLSE methods with the 3-memory DIRF.
Regardless of the tap length, the performance of
TL-MLSE is almost same as that of the
conventional MLSE method and improved
compared with LEQ.

A method to further reduce the number of
candidate sequences is proposed in [21]. This
method uses only two symbol levels, which are
above and below the output of the linear filter in
LEQ to generate candidate sequences; thus, the
number of candidate sequences become 2.

MLSE based on nonlinear filter

To estimate the non-linear channel response, we
proposed a non-linear MLSE (NL-MLSE) based
on Volterra series expansion [12-20]. Figure 4
shows a block diagram of NL-MLSE. The output
of an [-memory DIRF with 3™ order Volterra
series expansion is expressed as

f(xl' T xl) = Zfz:l haxa + Zfz:l Zi:l habxaxb

+ Zflzl Zi:l Zlc=1 habcxaxbxc ’ (1)
where (x4,::+,x;) is a candidate sequence such
as the input of the DIRF, and (hy-;, A1, Ri11m1)
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Fig. 4: Block diagram of NL-MLSE.
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are kernels of the Volterra series expansion. By
removing the kernels that have the least impact
on the DIRF output, i.e., the kernels with the small
values the amount of non-linear calculations can
be reduced while minimizing performance
degradation [20].

MLSE using decision feedback

The other of MLSE methods is for reducing the
computational complexity of MLSE is to apply a
decision feedback function to MLSE (DF-MLSE)
[20]. Figure 5 shows a block diagram of DF-
MLSE with Volterra series expansion for non-
linear channel estimation (DF-NL-MLSE).
Generally, the inputs of the DIRF are generated
as candidate sequences. To reduce the number
of candidate sequences while suppressing
MLSE-performance degradation, some of the
decision results are fed back to the input of the
DIRF. This increases the length of the input
sequences to the DIRF without changing the
number of candidate sequences and improves
the accuracy of the metrics in the Viterbi
algorithm. If the trace-back delay is too long for
the desired feedback timing, the decision result is
determined without trace back. For example, if
the length of the candidate sequences is three
symbols and the decision feedback is two
symbols, the output of the DIRF with 39 order
Volterra series expansion can be expressed as

f(a—4-' 3—3' C_2,C_q, Co) = 2;2—4 paaa
+ Zg=—2 qaCa + Zo=—2 Zg:—z TabCaCp
+ ZO=—2 Zg:-z Z(c)=—2 SabcCaCbCc (2)

where (d_,,d_5) are decision-feedback symbols,
(c_3,¢_4,¢p) is a candidate sequence, and (p-4-3
q-2~0, I-2-2~00, S-2-2-2~000) @re taps and kernels of the
DIRF. For the PAM-4 symbol, the number of
candidate sequences in the above case is 64,
which reduces the number of candidate
sequences to one-sixteenth those required when
compared with inputting sequences of length 5
with no decision feedback.

of DF-NL-MLSE in a 4-ch high-baud-rate PAM-4
transmission. The electrical 224-Gbps PAM-4
signals are modulated to 4-ch WDM optical
signals by a 4-A LAN-WDM TOSA consisting of
electro-absorptive  modulated lasers  with
integrated semiconductor optical amplifiers and a
wavelength multiplexer [22].

Figure 6 shows the results of 112-GBd PAM-
4 in 2-km transmission for all WDM channels. The
demodulation by LEQ and the conventional
MLSE method could not achieve a bit error rate
(BER) below 3.8x10 3, which corresponds to 7%
overhead hard-decision forward error correction
(HD-FEC) limit in all wavelength channels. The
NL-MLSE and linear MLSE with decision
feedback (DF-MLSE) could not reach the HD-
FEC Ilimit in some wavelength channels.
However, DF-NL-MLSE was below the HD-FEC
limit in all wavelength channels.

Comparison of calculation quantities

To confirm the calculation reduction of the above
MLSE methods, Table 1 shows the ratio of the
number of candidate sequences assuming a
PAM-4 signal with a transfer function memory
length 1 and decision feedback M. The larger I
for TL-MLSE and M for DF-MLSE, the greater
reduction in the amount of calculation.

Conclusions

We described our MLSE methods for improving
the accuracy of non-linear channel-response
estimation and reducing computational
complexity in high-speed IM-DD systems. The
experimental results of over 200-Gbps/lane O-
band transmission using these MLSE methods
were also presented.
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