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Probabilistically Shaped PAM-8 Transmission
With Simplified Volterra Equalizer

Mingyi Gao

Abstract—Intensity-modulation direct-detection (IM/DD) prob-
abilistically shaped (PS) 8-level pulse-amplitude modulation (PAM)
signal is promising for high-speed intra-data-center networks.
However, the challenges of a PS-PAM-8 transmission system are
complicated distribution matcher (DM) and nonlinear equalizer.
In this work, we propose a simple PS-PAM-8 transmission sys-
tem, where the probabilistic amplitude shaping (PAS) encoder
consists of an energy-level-assigned (ELA)-based DM and a low-
density parity-check (LDPC) encoder. In the ELA-based DM, a
simple lookup table is designed to realize an approximate bilat-
eral Maxwell-Boltzmann distribution by assigning energy levels to
various symbols. Consequently, the DM encoded bits are used as
the amplitude bits, and DM label bits and LDPC check bits are
designated as sign bits to implement PAS encoding. In addition,
a simplified Volterra equalizer (SVE) is introduced to eliminate
the inter-symbol interference and improve the receiver sensitivity
of PS-PAM-8 signal, where the SVE only includes the 2-order
kernel to reduce its complexity. We experimentally demonstrated
the proposed PS-PAM-8 scheme and verified its outperformance
over uniform PAM-8 signal in the back-to-back and 2-km stan-
dard single mode fiber (SSMF) transmission. Compared to the
conventional linear equalizer, the SVE contributes approximate
1-dB improvement of the receiver sensitivity in the PS-PAM-8 2-km
SSMF transmission, for the error-free performance of post forward
error correction bit error ratio.

Index Terms—Probabilistic shaping, pulse-amplitude modulat-
ion, Volterra equalizer.

1. INTRODUCTION

O HANDLE the large-capacity connections within the

data centers, intra-data-center (IDC) networks require
high-speed optical interconnects with the low complexity.
Intensity-modulation direct-detection (IM/DD) technology has
advantages over coherent technology due to its simpler and
low-cost components [1], [2], [3]. Among various advanced
modulation formats, pulse-amplitude modulation (PAM) signals
have a simpler implementation and higher spectral efficiency,
and high-speed PAM-4 signals have been investigated widely
(41, [51, [61, [71, [8].
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In comparison with PAM-4 signals, PAM-8 signals can carry
more information at the expense of more complicated digital
signal processing (DSP), and probabilistic shaping (PS) and
nonlinear equalizers were exploited to enhance the robustness
of PAM-8 signals [9], [10], [11], [12], [13], [14]. Furthermore,
when the modulation amplitude is increased to PAM-16, the
nonlinear equalization becomes more challenging for compen-
sating the critical nonlinear impairments caused by the electro-
optical components in the nonlinear operating region [15],
[16], [17]. However, it is significant for future large-capacity
IDC to investigate the PAM-8 and PAM-16 schemes. After the
probabilistically shaped PAM-8 (PS-PAM-8) system has been
first experimentally demonstrated, several state-of-the-art works
have been reported to show the outperformance of PS-PAM-8
signals [9], [10], [11], [12]. Furthermore, a probabilistic am-
plitude shaping (PAS) scheme was proposed by integrating PS
and forward error correction (FEC) to combine the distribution
matcher (DM) with the systematic encoder of binary low-density
parity-check (LDPC) codes [18], [19]. The PAS architecture
can achieve the PS and FEC encoding efficiently and in such
a joint coding scheme, the complexity of the system mainly
relies on that of the DM. Many DM algorithms for high-order
quadrature amplitude modulation signals have been proposed,
such as product distribution matching, hierarchical distribution
matching, constant composition distribution matching (CCDM),
m-out-of-n DM and prefix-free code distribution matching etc.
[18], [19], [20], [21], [22], [23], [24]. Here, CCDM is widely
used due to its characteristic of approaching the desired prob-
abilistic distribution, however, long block lengths are required
and the complexity is an issue. By comparison, the cut-and-paste
(CAP)-based DM with lower complexity, is promising for PS-
PAM signals [25]. In the CAP-based DM, a transmitted sequence
is divided into many n-symbol segments and for each n-symbol
segment, after the bit-to-symbol mapping, the amplitude bits
are extracted and inverted. However, the CAP-based DM needs
many multipliers and comparators because twice mappings are
implemented to select sequences with lower energy. Moreover,
for a fixed n-symbol encoding, the chosen sequences with lower
energy always have a lower information rate and a determined
distribution. To yield a flexible configuration of probability dis-
tributions, we proposed an energy-level-assigned (ELA)-based
DM for PS-PAM-4 signals by pre-calculating and assigning
energy levels [26]. The ELA-based DM is a simple method to
achieve a desired probability distribution and suitable for the
PS-PAM-8 transmission system with low complexity.
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Furthermore, a simple equalizer is indispensable in the PAM-8
transmission to mitigate the inter symbol interference (ISI) [27].
Generally, feed-forward equalizer (FFE) is effective to eliminate
linear ISI, while Volterra equalizer (VE) is used to mitigate
both linear and nonlinear ISI [28], [29], [30], [31]. Although,
both of FFE and VE can alleviate the power fading caused
by bandwidth limitations and chromatic dispersion, the noise
components are simultaneously increased. In addition, decision
feedback equalizer (DFE) can compensate the spectral notches
caused by fiber chromatic dispersion, but error propagation is
caused by the hard decision module. Therefore, it is challenging
to implement the cascaded DFE and FEC decoder [31], [32].
Meanwhile, maximum likelihood sequence estimation (MLSE)
suppresses the noise components enhanced by FFE and VE
through a post-filter, where Viterbi decoding is utilized to yield
judgment symbols [33], [34]. However, when FEC decoder is ap-
pended, error propagation is still an open issue in the MLSE due
to the required hard decision module of Viterbi algorithm. MLSE
algorithm with the soft decision was proposed for PAM-4 signal
transmission [35]. Unfortunately, the computational complexity
of MLSE is overwhelming and increases exponentially with the
channel memory length. Moreover, in bandwidth-constrained
PAM systems, Tomlinson-Harashima precoding (THP) was used
to improve the performance [36], [37], [38]. However, THP can’t
be directly appended to the PS-PAM system because the output
signal of the nonlinear modulo operation in the feedforward path
of the pre-encoder is random to a certain extent, thus corrupting
the Maxwell-Boltzmann (MB) distribution generated by the PS
encoder [32]. To escape the dilemma of equalizers’ performance
and computational complexity in the PS-PAM transmission, a
simplified Volterra equalizer (SVE) is a good candidate for joint
coding of PS and FEC with moderate complexity to mitigate
both linear ISI and nonlinear ISI.

In this work, we propose and experimentally demonstrated
a PS-PAM-8 transmission system based on a joint coding of
ELA-based DM and LDPC. The PS-PAM-8 signal outperforms
the uniform PAM-8 (UN-PAM-8) signal at the same net bit rate,
where the signal isn’t heavily bandwidth restricted. In addition,
we utilized a SVE in the PS-PAM-8 experiment, where only the
kernels of 2-order VE are remained. We measured the post-FEC
bit error ratio (BER) and post-ELA BER curves and achieved
2-dB and 1-dB improvements of receiver sensitivity by compar-
ison with the conventional FFE in the back-to-back (BTB) and
2-km transmission, respectively.

The structure of the paper is organized as follows. In Sec-
tion II, we first introduced the principle of PAS with ELA-based
DM and LDPC for PS-PAM-8 signal. Then we analyzed the
channel impairment of IM/DD system and illustrated the im-
plementation of the SVE. In Section III, we presented the ex-
perimental setup and discussed the experimental results, where
the number of taps for the equalizer was optimized and the
complexity was analyzed. Finally, we summarized the paper in
Section I'V.

II. PRINCIPLE

In the IM/DD PAM-8 system, the symbols with higher am-
plitude levels always suffer from more serious degradation.
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Thus, for the PS-PAM-8 signal, the degradation is mitigated by
decreasing the occurrence probability of symbols with higher
amplitude levels and increasing that of symbols with lower
amplitude levels. To implement the PAS scheme, the ELA-based
DM is used to obtain the shaped amplitude bit sequence and
the LDPC with systematic encoding is selected as the FEC.
Additional label bits are required to indicate the behavior of the
bit inversion for the ELA-based DM. The error propagation will
be induced by the errors of the label bits and thus it is significant
to keep the label bits undistorted. Meanwhile, the sign bits are
resilient to noise during transmission. The label bits generated in
the DM and the check bits generated in the LDPC encoding, can
be exploited as the sign bits to ensure the accuracy of the label
bits and the check bits [18], [26]. In the following experiments,
the post-FEC BER and the post-ELA BER are measured to verify
the robustness to the error propagation of the proposed scheme.

Fig. 1 shows the architecture of the PS-PAM-8 transmission
system with the joint coding of ELA-based DM and LDPC,
which includes the ELA encoder, LDPC encoder, PAM-8 sym-
bol mapping, channel transmission, log likelihood ratio (LLR)
calculation module, LDPC decoder and ELLA decoder. Here, the
uniform random bit sequence U; first enters the ELA encoder
to obtain the reshaped bit sequence b(A) and the uniform label
bit sequence L. Besides, A represents the amplitude level se-
quence after PS, which only contains amplitude bit information.
For each PAM-M symbol, each amplitude level in sequence A
contains m-1 bits, where m = logs(M). Afterwards, the uniform
random bit sequence Uz, together with b(A) and L, is launched
to the LDPC encoder.

Then the parity bit sequence P, L. and Uo generated by the
LDPC encoder together serve as the sign bits S in the PAM-8
symbol, and the non-uniformly distributed bit sequence b(A)
is used as the amplitude bits for PAM-8 symbol. After PAM-8
symbol mapping, the symbol sequence X is generated.

Next, the received sequence Y is obtained after channel
transmission. Then, LLR estimation is implemented to obtain
soft-decision information L;, which can be calculated as,

2wexo Pyix (ylz) Px ()
2wext Pyix (ylz) Px ()

Pg, 1y (0ly)
Pg, 1y (1]y)

L; =log = log (1)

where Pp, |y represents the probability that the bit is O or 1 for
the known received symbol Y. X? and X} represent the symbol
sets in which the i-th bit of the symbol is 0 or 1, Py |x (y|z) is
the conditional probability, and Py (z) is the prior probability.
After L; is given to the LDPC decoder, the output bit sequence is
sorted. Then, the estimated bit sequences b(A)’ and L’ are sent
to the ELA decoder to perform the inverse operation of the DM.
The final estimated uniform bit sequences U; ’ and Uy’ are used
for the BER calculation.

Fig. 2 illustrates the mapping rule of PAM-8, where the blue
and red numbers denote the amplitude bits and the sign bits,
respectively. Next, the lookup table in the Table I with 2-symbol
coding is used to yield a PS-PAM-8 signal. To implement the
ELA-based DM in the Table I, a transmitted sequence is first
divided into many 2-symbol segments. To avoid amounts of
calculation and comparison on the original amplitude bits’ en-
ergies, the ELA-based DM introduces the energy levels into the
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lookup table. Here, the energies of various 2-symbol segments
are pre-calculated and classified into different energy levels and
then energy-level mapping rule is assigned to yield variable
probability distribution [26]. In the Table I, one combination
contains amplitude bits of two PAM-8 symbols, i.e., 2-symbol
coding. For example, ‘0001° represents amplitude of “7” and
“5”, with the amplitude bits of “00” and “01”. Uy is the original
uniform bits, and b(A) is PS encoded bits. E; and Es represent
the energy of 2-symbol combination before and after ELA
encoder, which is pre-calculated by summing the amplitude’
square of each symbol in the combination. L is the label bits
generated by ELA encoding, where “0” represents the inversion
operation, as indicated by the blue numbers, and “1” represents
no operation, as indicated by the black numbers. The inversion
rules are shown in red numbers, i.e., “00” and “10”, and “01”
and “11” are exchanged to each other. Here, the combination
with higher energy levels is preferred to be inverted and the
uniformity of label bits must be guaranteed.

uniform amplitude distribution of UN-PAM-8, PS-PAM-§ signal
presents an approximate bilateral MB distribution. Since the PS
signal improves the transmission performance at the expense of
reduced information entropy, it is usually necessary to keep the
net bit rate of the PS signal and the uniform signal the same for
fair comparison. Generally, it can be achieved by increasing the
baud rate of the PS signal. Table II lists the encoding parameters
of UN-PAM-8 signal and PS-PAM-8. In the joint coding scheme,
the code rate of each part is included and the LDPC will have a
15% redundancy. For the ELA-based DM, the code rate Ry =
U1/(U; 4 L), and the corresponding PS overhead is L/ U . In the
2-symbol ELA, the PS overhead is 20% and the overhead can
be reduced by increasing the symbols of the ELA code segment.
For the LPDC encoder, the code rate Ry = (U; + Uy + L)/(Uq
+ Uy 4+ L 4 P). The fraction of sign bits with information in the
PS-PAM-M signal v = Us/(Us + L + P). Besides, the fraction
~ for UN-PAM-M signal is described as,

vy=1—(1—Ry)m 2)

where m = logs(M).
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The code rate R of joint coding is expressed as,

 H(A") + H(S"™)

Ne

R = H(A) +~ 3)
where H(A") and H(S?"°) represent the entropy of the amplitude
bit and the sign bit with information for n, symbols, respectively.
In addition, H(A) indicates the amplitude entropy after proba-
bility shaping [18]. Furthermore, the net bit rate is obtained by
multiplying the code rate R and the baud rate of signal.

Although the PS-PAM-8 signal has stronger robustness than
the UN-PAM-8 signal due to its non-uniform amplitude distribu-
tion, the equalizer is still indispensable to eliminate its channel
impairments. The channel impairments of short-distance IM/DD
signals are mainly caused by limited bandwidth of components,
nonlinear distortion of system, fiber dispersion and system noise.
Here, the bandwidth limitation usually results in the power
fading at higher frequency, regarded as linear distortion. By
contrast, the nonlinear distortion mainly comes from the non-
ideal transfer characteristic of the modulator and the square-law
detection of the photodetector (PD). The received PAM signal
after PD detection can be written as,

y(t) = &2 + |z(t) * h(D)* + 2dca(t)  h(t) + n(t) @)

where y(#) is the received signal, d. is the direct current (DC)
bias, x(7) is the transmitted signal, h(f) represents the channel
response, and n(f) is the system noise.

If the delay caused by the channel and the filter are not
included, for the k-th symbol, the sampling value of y(7) at time
t = kTy can be given by,

y(kTy) = d2 + |zxh(0) + 3 auh[(k — n)T]
n#k

+2d,  2kh(0) + > wah[(k = n)Td] p + n(t)
n#k
Q)]

where xh(0) is the sampling value of the k-th symbol,
> nzk Tnh[(k —n)Ts] is the sum of the other symbols except
the k-th symbol at the k-th sampling time. In (5), the first term is
the DC component, the second term is the signal with nonlinear
distortion, the third term is the signal with linear distortion,
and the last term is the system noise. Therefore, the equalizer
is applied to eliminate the nonlinear and linear ISI caused by
the second and third terms. The Volterra series model is widely
applied in nonlinear systems. By adjusting the tap coefficient, a
VE can mitigate linear ISI as well as higher-order nonlinear ISI.

In this work, the FFE, the 2-order VE and the 2-order SVE
are exploited to process the received signal, respectively. Here,
the SVE is yielded by only keeping the kernel of 2-order VE
to reduce the complexity of VE. Fig. 4 shows the structure of
the 2-order VE, where the equalizer mainly is composed of
the horizontally arranged delay unit T and the tap weighting
coefficients. The FFE includes only the top half of the structure
in Fig. 4. In order to eliminate both pre-ISI and post-ISI, the
adjacent symbols will be included. The input signals of the above

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

1-order VE

W

2-order VE )

Fig. 4.  Structure of 2-order Volterra equalizer.

equalizers are different, where Y is the input of the FFE, Y; and
Y, are the inputs of the 2-order VE and Y; and Y’ are the input
of 2-order SVE, defined as,
Yi=[y(k— N+ 1) y(k) - ylk+ N = 1)
Y, = [yz(k—M+ D,ylk — M+ Dy(k — M +2)
eyl =M+ Dy(k+ M —1)

v (k) y(k)y(k +1)...y(k)y(k + M — 1)

y2(k + M — 1)]
Yy =y’ (k=M+1)--y°(k)---y*(k+ M - 1)]  (6)

where y(k) is the received k-th symbol, 2N — [ is the memory
length of FFE, and 2M — [ is the nonlinear memory length of
2-order VE.

The equalized signals d’(k) at the outputs of FFE, 2-order VE
and 2-order SVE are written by

drre(k) =WnY,

N-1

= Y wal)y(k—1) (7)

l1=—N+1
dyvek) =WonYi+ WY,

N-1

= > walyk—h)

Iy=—N+1

M-1 5
+ Z Z ’LUQQ(ll, lg)y(k - ll)y(k - l2)

li=—M+11lo=—M+1
3

dsve(k) =WnY1+ WY,

N-1

= Z w01(l1)y(k—l1)

li1=—N+1
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Fig. 5. Experimental setup of 20-Gbaud PS-PAM-8 transmission system.
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where Wy, and Wy, are vectors of tap coefficients. y(k) is the
received k-th symbol used as the input of the equalizer. /; is
the variable of memory length, wy; is the tap coefficient of
the i-th order VE. After the equalizer, the training symbols are
extracted to calculate the difference between the desired output
and the actual output. Then, the normalized least mean square
(NLMS) algorithm with lower complexity is used to adjust the
tap coefficients. The iterative training is implemented to obtain
the optimum tap coefficients until the mean square error (MSE)
approaches the convergence. Finally, the equalized output can be
achieved by applying the obtained tap coefficients to the received
testing symbols.

III. EXPERIMENTS AND RESULTS

Fig. 5 is the experimental setup of a PS-PAM-8 point-to-point
transmission in the IDC network. At the transmitter, a pseudo-
random binary sequence (PRBS) is first launched into the PAS
encoder to generate the PS-PAM-8 signal after the bit-to-symbol
mapping. The UN-PAM-8 signal can be directly mapped by
skipping the PAS encoder. The PAS encoder includes an ELA
encoder and an LDPC encoder. Then, the symbol sequence is
upsampled to 2 samples per symbol (sps). Subsequently, a root
raised cosine (RRC) finite impulse response (FIR) filter with a
roll-off factor of 0.5 is used for pulse shaping. The roll-off factor
will be reduced in higher baud-rate WDM PAM transmission
system. Next, a pseudo-noise (PN) sequence is inserted for
synchronization at the receiver. The data processed by the DSP
at the transmitter is loaded into an arbitrary waveform generator
(AWG), which has a 3-dB bandwidth of approximately 11 GHz.
The baud rate of the transmitted signal can be adjusted by varying
the sampling rate of the AWG and the maximum sampling rate
of the AWG is 50 GSa/s. After that, the electrical PAM-8 signal
from the AWG is modulated into a 1550.112 nm continuous
wave (CW) laser by the Mach-Zehnder modulator (MZM). The
modulated optical PAM-8 signal is launched into the fiber with
the power of about 5.7 dBm. A variable optical attenuator (VOA)
and an erbium-doped fiber amplifier (EDFA) are used to control
the noise level for the BER measurement after transmission
over 2-km of SSMF. The last VOA is used to regulate the
optical power to the PD, where the PD has a 3-dB bandwidth
of 10-GHz. The signal after optical-to-electrical conversion by
the PD is acquired by a real-time oscilloscope (RTO) with a
sampling rate of 50 GSa/s. The received data is first processed
by the synchronization algorithm with correlation calculation.
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Normalized power spectra of different PAM-8 signals at the receiver.

After that, the signal is re-sampled to 2 sps, and the matched
filtering with the RRC FIR is utilized to yield the received signal
with channel impairment. Next, the equalizer is introduced to
restore the PAM-8 signal. Then, the PAS decoder is performed,
including LLR calculation, LDPC decoder, and ELA decoder.
The estimated bit sequence is obtained after LDPC decoder for
post-FEC BER calculation, and for post-ELA BER calculation
at the ELA decoder.

A. Performance Comparison of UN-PAM-8 and PS-PAM-8

First, the transmission performance of UN-PAM-8 signal and
PS PAM-8 signal is investigated. In Fig. 6, the normalized power
spectra of the 14.2-GBaud UN-PAM-8, 20-GBaud PS-PAM-8§,
20-GBaud UN-PAM-8 signals are plotted in the cases of back-
to-back (BTB) and 2-km transmission to investigate the variation
of the power spectra for different symbol rate and transmission
length. It is obvious that the normalized spectra of the 20-GBaud
UN-PAM-8 signal and the 20-GBaud PS-PAM-8 signal have
similar trends. While at the same net bit rate, the spectrum of the
14.2-GBaud UN-PAM-8 signal attenuates more slowly relative
to that of the 20-GBaud PS-PAM-8 signal. Therefore, the limited
channel bandwidth has less influence on the 14.2-GBaud UN-
PAM-8 signal. Meanwhile, the chromatic dispersion induced by
the 2-km SSMF transmission also has a negligible influence on
the power spectra, as shown by blue and green curves in Fig. 6.

Fig. 7 shows the recovered symbols, eye diagram and power
spectra of various signals with the conventional FFE. It is ap-
parent that symbols with high amplitude levels are susceptible
to the nonlinearity of the MZM. Although, the bandwidth limi-
tation has a least impact to the 14.2-GBaud UN-PAM-8§ signal,
which still suffers severer nonlinear impairment compared to
the 20-GBaud PS-PAM-8 signal. The recovered symbols of the



7262409
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Fig. 7. Recovered symbols of different PAM-8 signals (ROP of —19 dBm):
(a) 14.2-GBaud UN-PAM-8, (b) 20-GBaud PS-PAM-8, (c) 20-GBaud UN-PAM-
8; eye diagram of different PAM-8 signals (ROP of —19dBm): (d) 14.2-GBaud
UN-PAM-8, (e) 20-GBaud PS-PAM-8, (f) 20-GBaud UN-PAM-8; and power
spectra of different PAM-8 signals (ROP of —19 dBm): (g) 14.2-GBaud UN-
PAM-8, (h) 20-GBaud PS-PAM-8, (i) 20-GBaud UN-PAM-8.

20-GBaud UN-PAM-8 signal is more dispersed relative to that
of the 14.2-GBaud UN-PAM-8 signal due to the bandwidth lim-
itation of components, as shown in Fig. 7(a) and (c). However,
the PS-PAM-8 signal is mostly distributed at the symbols with
the lower amplitude levels, and therefore the amplitude diagrams
are relatively condensed, as shown in Fig. 7(b). In consequence,
the eye opening of PS-PAM-8 is also much better compared to
the other UN-PAM-8 signals, as shown in Fig. 7(d), (e) and (f).
In addition, the FFE has compensated the power fading effect
in all signals, and the power spectra are relatively flat as shown
in Fig. 7(g), (h) and (i). It is worth noting that the power of the
PS-PAM-8 signal is slightly lower than the other signals due to
the overall energy reduction during PS encoding. Summarily,
probabilistic shaping alleviates the impairments caused by the
nonlinearity of the MZM by reducing the occurrence proba-
bility of symbols with high amplitude levels. Consequently,
the 20-GBaud PS-PAM-8 signal outperforms the 14.2-GBaud
UN-PAM-8 signal, although the bandwidth limitation has a
larger influence on the PS signal due to the increased symbol
rate.

Fig. 8 plots the measured BER curves as a function of received
optical power (ROP) for 20-GBaud PS-PAM-8 and 14.2-GBaud
UN-PAM-8 signals with the same net bit rate in the cases of
BTB and 2-km SSMF transmissions after FFE. In the case of
BTB, the post-FEC BER and post-ELA BER of the 20-GBaud
PS-PAM-8 signal are shown by the dark-blue and light-blue
square-marked solid curves in Fig. 8, where the ELA decoding
is included in the post-ELA BER measurement. These two
BER curves are very close to each other, which means that no
error propagation occurs in the ELA. Therefore, the accurate
transmission of the label bits has been achieved in the proposed
joint encoding of ELA and LDPC scheme. The corresponding
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Fig.8. Measured BER curves for 20-GBaud PS-PAM-8 and 14.2-GBaud UN-

PAM-8 signal.

BER curves of the 20-GBaud PS-PAM-8 signal with 2-km
SSMEF transmission are shown by the dark-green and light-green
circle-marked dashed curves in Fig. 8. It is obvious that the
impairment caused by 2-km SSMF transmission is trivial due to
the lower symbol rate. The UN-post-FEC BER curves show
the measured BER performance of 14.2-GBaud UN-PAM-8
signal in the cases of BTB and 2-km SSMF transmission, as
shown by the light-red square-marked solid curve and dark-red
circle-marked dashed curves in Fig. 8. To sum up, at the same
net bit rate, the high-baud-rate PS-PAM-8 signal has a better
performance than that of the low-baud-rate UN-PAM-8 signal,
where the signal isn’t heavily bandwidth restricted and the ISI
caused by the nonlinearity of the MZM is alleviated. However,
when the symbol rate is increased significantly so that the signal
is strictly bandwidth restricted, the situation will be different
[10]. In addition, in conjunction with LDPC, the 20-GBaud
PS-PAM-8 signal approaches the error-free convergence at the
ROP of —18 dBm, while the 14.2-GBaud UN-PAM-8 requires
—17-dBm ROP to achieve the error-free performance.

B. Performance Comparison of FFE, VE and SVE

For PAM-8 signals, a simple equalizer is indispensable to
yield the desired performance. For all equalizers, the memory
length is a key parameter and longer memory length contributes
to better performance at the expense of the computational com-
plexity. In order to investigate the effect of memory length in var-
ious equalizers, we measured the post-FEC BER and post-ELA
BER and calculated the number of multiplications to evaluate
the performance and the complexity in Fig. 9 when the ROP is
—21 dBm. Here, the post-FEC BER and post-ELA BER curves
are shown in blue solid-circle-marked and hollow-circle-marked
curves, respectively. The number of multiplications is plotted in
red square-marked curves in Fig. 9. For the FFE in Fig. 9(a),
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Fig. 9. The post-FEC BER, post-ELA BER and the number of multiplication
curves versus memory length or non-linear memory length (—21 dBm): (a) FFE,
(b) 2-order VE, (c) 2-order SVE.

the BER decreases as the memory length increases. Once the
optimum BER performance is approached, there is no more ben-
efit from the continuously increased memory length. However,
the number of multiplications increases linearly with memory
length. For the optimum BER performance, the memory length
of FFE is chosen to 119, as shown in Fig. 9(a). If the optimum
BER is not required, the FFE only needs less than 19-taps. In the
VE and SVE, besides the linear FFE, the nonlinear equalization
is included. Thus, we investigate the effect of memory length for
nonlinear equalization in the 2-order VE and 2-order SVE. The
similar behaviors have been observed, as shown in Fig. 9(b) and
(c). Fortunately, the number of multiplications increases linearly
in the 2-order SVE instead of increasing quadratically as in the
2-order VE. Hence, the nonlinear memory length is set to 11 for
both of 2-order VE and 2-order SVE to achieve the optimum
BER performance.
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Fig. 10. Measured post-FEC BER and post-ELA BER curves with various
equalizers for 20-GBaud PS-PAM-8 in the BTB transmission.
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Fig. 11.  Measured post-FEC BER and post-ELA BER curves with various
equalizers for 20-GBaud PS-PAM-8 after 2-km SSMF transmission.

To compare the performance of various equalizers quanti-
tively, we measured post-FEC BER and post-ELA BER curves
of 20-GBaud PS-PAM-8 signal with FFE, 2-order VE, and
2-order SVE in the BTB transmission, as shown in Fig. 10,
where solid and dashed curves denote the post-FEC BER and
the post-ELA BER. There is no error propagation in the proposed
PS-PAM-8 system. The 2-order SVE with less complexity has
achieved the similar BER performance as that of the 2-order VE
and 2-dB receiver sensitivity improvement has been achieved
for the error free performance in comparison with the FFE, as
shown by green, pink and blue curves in Fig. 10.

To figure out the performance of various equalizers in the
2-km SSMF transmission system, the post-FEC BER and post-
ELA BER curves of 20-GBaud PS-PAM-8 signal are measured
in Fig. 11 and no error propagation is observed, as shown by solid
and dashed curves. Similar as the BTB transmission, the 2-order
VE and the 2-order SVE can achieve better BER performance
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due to the additional nonlinear equalization, as shown by pink,
yellow and green curves in Fig. 11. For the lower ROP, the system
is dominated by the amplified spontaneous emission noise of
EDFA during noise loading, all equalizers have the similar
performance. With the increase of ROP, the 2-order VE and the 2-
order SVE outperforms the FFE, as shown in Fig. 11. For longer
SSMF transmission, higher-order VE and more components in
(6) are indispensable to mitigate the PAM-8 signal degradation.
Although, the signal degradation is small in the 2-km SSMF
transmission, the 2-order VE with more components in (7) can
achieve slightly better BER performance, as shown pink and
yellow curves in Fig. 11. To sum up, the 2-order SVE and
2-order VE can approximately improve the receiver sensitivity
of 2 dB compared to the FFE for the error free performance
in the 20-GBaud PS-PAM-8 BTB transmission. By introducing
the 2-km transmission, the improvement of receiver sensitivity is
reduced to about 1dB because of uneliminated degradation from
the fiber. Hence, the 2-order SVE is a promising equalizer for
PS-PAM-8 signals in the short-reach intra-data-center networks.

C. Computational Complexity of FFE, VE and SVE

For the abovementioned equalizers, the complexity is evalu-
ated based on the number of multiplications required by each
symbol, which is highly depends on the memory length. Longer
the memory length is and higher the complexity is. If the memory
length of the FFE is designated as 2N — 1, the pre-(N — 1)
symbols and the post-(N — 1) symbols of the current symbol will
be included. The computational complexity of Cppp is given by,

Crrg =2N —1 (10)

Thus, the complexity linearly increases with the memory
length.

For the VE with the 2-order memory length define as 2M —
1, the computational complexity of Cy g is described as,

QY

where the complexity is a quadratic function of the 2-order
memory length 2M — 1.

For the SVE, the kernel is only included and its complexity
can be substantially reduced. The computational complexity of
Csvyg is expressed as,

Cyp =2N +2M((2M —1) —1

Csvg =2N +2M —2 (12)

where the complexity rises linearly with the summation of the
Ist-order and 2nd-order memory lengths.

IV. CONCLUSION

IM/DD PAM signals are good candidate for the intra-data-
center optical interconnect. In comparison with conventional
PAM-4 signals, PAM-8 signals have higher information en-
tropy due to increased bits per symbol. However, PAM-8 sig-
nals are susceptible to various linear and nonlinear noise from
transceivers and transmitted fibers. Fortunately, probabilistic
shaping can improve the performance of PAM-8 systems by
decreasing the occurrence probability of the symbols with high
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amplitude levels. Meanwhile, the equalizer is also indispens-
able to mitigate the degradation induced by transceivers and
transmitted fibers. Nevertheless, the conventional DMs and the
equalizers used in the long-haul optical communication are
quite complicated, which is not suitable for short-reach IM/DD
PAM-8 signals. In order to escape the dilemma of performance
and complexity, we propose and experimentally demonstrate a
PS-PAM-8 transmission system with the joint coding of ELA-
based DM and LDPC, and the simplified Volterra equalizer. ELA
can realize an approximate bilateral MB distribution based on
the simple lookup table by assigning energy level of various sym-
bols. The post-FEC BER and post-ELA BER are measured to
verify the feasibility of the proposed PS-PAM-8 system and the
measured close post-FEC and post-ELA BER curves guarantees
the performance of no error propagation in the proposed scheme.
Furthermore, the simplified Volterra equalizer is exploited to
improve the BER performance. Compared to the conventional
FFE, the 2-order simplified Volterra equalizer has 2-dB and 1-dB
improvements of receiver sensitivity in the BTB and 2-km SSMF
transmission, respectively. Although the proposed PS-PAM-8
system is experimentally demonstrated in the 20-Gbaud system
due to the shortage of large-bandwidth equipment, which can be
used for the high-speed intra-data-center optical interconnect if
the large-bandwidth components and equipment are available.
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