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Abstract: An improved weighted decision-feedback equalizer (IWDFE) is adopted and ex-
perimentally demonstrated to mitigate chromatic dispersion (CD) induced power fading for
C-band four-level pulse amplitude modulation (PAM-4) system. Based on a compressed sigmoid
nonlinear function, the IWDFE is superior to the conventional DFE, rule-1 and rule-2 based
WDFE:s in reducing both the error propagation probability and percentage of errors. The IWDFE
is combined with a feed-forward equalizer (FFE) to deal with both pre-cursor and post-cursor
interference simultaneously. We also introduce 2"4-order polynomial nonlinear terms in both FFE
and IWDFE at receiver side, constructing a nonlinear FFE-IWDFE (N-FFE-IWDFE) to simulta-
neously equalize both the CD-induced power fading and nonlinear distortions. Experimental
results show that compared with nonlinear FFE-DFE (N-FFE-DFE), rule-1 and rule-2 based
nonlinear FFE-WDFEs (N-FFE-WDFEs), the N-FFE-IWDFE can significantly reduce the bit
error ratio (BER), which is close to that of the error-propagation-free N-FFE-DFE. By utilizing
the N-FFE-IWDFE, 120-Gb/s PAM-4 transmission system over 50-km standard single-mode fiber
(SSMF) is realized with the BER below 7% hard-decision forward error correction (HD-FEC)
limit of 3.8 x 1073, achieving around 1.1-dB improvement of the receiver sensitivity over the
N-FFE-DFE. To the best of our knowledge, this is the first time that an IWDFE is employed for
C-band IM/DD optical transmission system.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Propelled by the proliferation of bandwidth-hungry services, such as video streaming, cloud-
based computing, data storage, virtual and augmented reality, the ongoing growth of data center
traffic drives the demand for high-speed signal transmission operating at 100 Gb/s and beyond.
Owing to the characteristics of low cost, low power consumption and small footprint, intensity
modulation and direct detection (IM/DD) scheme is an attractive solution for optical data center
interconnections and access networks [1—4]. In order to transmit higher capacities with limited
system bandwidth, spectrally efficient modulations such as four-level pulse amplitude modulation
(PAM-4), carrier-less amplitude and phase modulation (CAP) and discrete multi-tone (DMT)
have been extensively investigated in IM/DD systems [3,4]. Among those modulation formats,
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PAM-4 can offer a better compromise between performance and computational complexity,
which has been chosen as a standard format in 400G Ethernet with 8-lane X 50-Gb/s and is a
promising solution for the next-generation 800-G Ethernet with 8-lane x 100-Gb/s [5-7].

Nevertheless, the transmission distance of high-speed PAM-4 systems operating in C-band is
limited by the chromatic dispersion (CD), which results in severe power fading and nonlinear
distortions of the received signal after square-law detection [8—12]. The nonlinear distortions
can be effectively compensated by the Volterra nonlinear equalizers or their low-complexity
versions [11,12]. Different from nonlinear distortions, the CD-induced power fading results in
spectral nulls of the received signal spectrum, depending on the transmission distance and signal
bandwidth [10]. To eliminate the CD induced power fading, optical dispersion compensation
module [13], single-sideband or vestigial-sideband (SSB/VSB) modulation [14,15], CD pre-
compensation [16], and Kramers-Kronig receiver [17,18] have been implemented. However,
these schemes rely on either complicated system configurations or additional expensive devices,
which might increase the system cost.

In contrast to CD compensation techniques using complicated system structures, digital signal
processing (DSP) based CD compensation techniques can keep the IM/DD system flexile and cost
effective, which are more attractive to be used to improve CD tolerance and extend transmission
distance. According to [10], the receiver-side decision feedback equalizer (DFE) can effectively
equalize the spectral nulls caused by CD-induced power fading. Meanwhile, a combination of a
feed-forward equalizer (FFE) and a DFE is regarded as the best choice for the equalization of
both pre-cursor and post-cursor interference [10]. The DFE equalizer has been applied along
with a 3"-order polynomial nonlinear equalizer (PNLE) in [19] to compensate the CD-induced
power fading and nonlinear distortions in a C-band 56-Gb/s PAM-4 transmission over 80 km
standard single-mode fiber (SSMF). Moreover, H. Xin et al. employed a joint Volterra-based
FFE and Volterra-based DFE to mitigate the signal distortions and demonstrated C-band PAM-4
transmissions of 56 Gb/s over 60-km and 60 Gb/s over 80-km, respectively [20]. However, a
main drawback of DFE is that it suffers from error propagation, which results in degradation of
the system performance. To avoid error propagation, the transmitter-side Tomlinson-Harashima
pre-coding (THP) [10] has been introduced to address the CD-induced power fading in IM/DD
systems. By adopting the THP and Volterra FFE, Q. Hu et al. achieved C-band 56-Gb/s PAM-4
signal transmission over 80-km SSMF [21]. In [22], C-band 107-Gb/s PAM-4 transmission over
40-km SSMF has been experimentally demonstrated by using nonlinear THP and Volterra FFE.
Nevertheless, THP suffers from a pre-coding loss and requires precise channel feedback [10,23].
Recently, a multi-symbol joint decision scheme with FFE-DFE was proposed and demonstrated
in a C-band 112-Gb/s PAM-4 transmission system over 20-km SSMF to mitigate symbol error
propagation and correct previous error symbols, at the expense of high computational complexity
[8]. In addition, maximum likelihood sequence estimation (MLSE) based post filtering has
been employed to whiten the colored noise after performing PNLE and FFE-DFE, constructing
an adaptive channel-matched detection (ACMD) and realizing 64-Gb/s on-off keying (OOK)
transmission over 100-km SSMF [24]. To relieve the equalization complexity, the MLSE was
replaced with a fixed-state log-maximum a posteriori (log-MAP) detection in ACMD [25],
achieving C-band 72-Gb/s OOK transmission over 100 km SSMF. Meanwhile, weighted DFE
(WDFE) has been introduced to mitigate the burst-error propagation in a field-trial C-band
72-Gb/s OOK system over 18.8-km submarine optical cable [26]. However, multiple cascaded
equalization including 3"-order PNLE, FFE-WDFE and 2!4—state MLSE was required, thus
dramatically increasing implementation complexity and cost. Increasing transmission capacity
and extending transmission distance are two hot topics in C-band dispersion-uncompensated
IM/DD transmission research. Table 1 summarizes the current researches for C-band dispersion-
uncompensated IM/DD transmission systems in terms of capacity, transmission distance and
capacity—distance product.
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Table 1. Current researches for C-band dispersion-uncompensated IM/DD transmission
systems with BERs below 7% HD-FEC limit.

Reference | Capacity (Gb/s) | Distance (km) | Capacity—distance product | Modulation format
[8] 112 20 2.24 PAM-4
[10] 56 75 42 PAM-4
[19] 56 80 448 PAM-4
[20] 56 60 3.36 PAM-4
[21] 56 80 448 PAM-4
[22] 107 40 4.28 PAM-4
[22] 84 80 6.72 PAM-4
[24] 64 100 6.4 OOK
[25] 72 100 7.2 OOK
[26] 72 18.8 1.35 OOK

This work 120 50 6 PAM-4

In this paper, in order to improve the equalization performance and reduce the error propagation
probability of conventional DFE, here we adopt and experimentally demonstrate a compressed
sigmoid nonlinear function based improved WDFE (IWDFE) for C-band PAM-4 system with
negligible increase in computational complexity. The IWDFE scheme is comparatively evaluated
with two existing WDFE schemes, entitled ‘rule-1" and ‘rule-2’ based WDFEs [27,28] as well as
conventional DFE scheme in a PAM-4 transmission system. To simultaneously compensate both
the CD-induced power fading and nonlinear distortions, 2"-order polynomial nonlinear terms are
introduced in FFE-IWDFE, FFE-WDFEs and FFE-DFE at receiver side, constructing nonlinear
FFE-IWDFE (N-FFE-IWDFE), nonlinear FFE-WDFEs (N-FFE-WDFEs) and nonlinear FFE-
DFE (N-FFE-DFE), respectively. Experimental results show that the conventional N-FFE-DFE
outperforms the rule-1 and rule-2 based N-FFE-WDFE:s since higher percentage of symbol errors
are aroused by rule-1 and rule-2 schemes. Compared with N-FFE-DFE, rule-1 and rule-2 based
N-FFE-WDFEs, the N-FFE-IWDFE can significantly reduce the bit error ratio (BER) thanks to
the significant reduction of both error propagation probability and percentage of errors. Moreover,
the achieved BER of the N-FFE-IWDFE is close to that of the error-propagation free (EP-free)
N-FFE-DFE. Based on the N-FFE-IWDEFE, 120-Gb/s PAM-4 transmission over 50-km SSMF is
realized with a BER below 7% hard-decision forward error correction (HD-FEC) limit of 3.8 x
1073, achieving around 1.1-dB improvement of the receiver sensitivity over the N-FFE-DFE. To
the best of our knowledge, this is the first time that an IWDFE is applied to reduce both the error
propagation probability and percentage of errors in decision feedback equalization for C-band
IM/DD optical transmission system.

2. Principle of the improved weighted decision-feedback equalizer
2.1.  Improved weighted decision-feedback equalizer (IWDFE)

To mitigate both the CD-induced power fading and inter-symbol interference in IM/DD systems,
linear FFE-DFE can be implemented as a post-equalizer at the receiver side. The n" sample of
the output of the FFE-DFE can be expressed as

Nl—l Dl

) = Y h(R)xn = k) + Y wi(k)9(n - k) ()

k=0 k=1
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where x(n) is the n'" sample of the received signal, 4; (w;) and N (D;) are the kernel and
memory length for the FFE (DFE), respectively. y(n) is the hard-decision output and feedback
symbol of the DFE.

Since the FFE-DFE suffers from error propagation and degrades the system performance, it
is feasible to use a soft decision based on weighted decisions to avoid the error propagation
[27,28]. Here an IWDFE is introduced for PAM-based IM/DD systems after FFE, forming an
FFE-IWDEFE structure. The n™ sample of the output of the FFE-IWDFE can be expressed as

Ni-1 D,
) = > (= k) + > wil)F(n k) @)
k=0 k=1

where the soft-decision feedback symbol J(n) is a combination of the output y(n) and the
hard-decision output $(n). The schematic diagram of the FFE-IWDFE is illustrated in Fig. 1.
Compared with FFE-DFE, two new blocks including the reliability block and use block are added
in FFE-IWDFE after symbol decision. The reliability block calculates a reliability value vy, for
each DFE output y(n), which is similar with a likelihood measurement. Then the reliability use
block uses this value in such a way to minimize the effect of error propagation [27,28]. The
feedback symbol (i.e., soft decision output of the use block) J(n) can be expressed as

() = f(yn)3(n) + [1 = f(yn)ly(n) = y(n) + f(ya)[3(n) = y(n)] A3)

where f(-) is the function that specifies the kind of reliability to be used. When f(y,) is equal to
1, the IWDFE becomes a classical DFE. Whereas when f(y;,) is equal to 0, the IWDFE can be
considered as an infinite impulse response (IIR) filter.

x(n)

Decision and
reliability

hl(O)é) hl(l)%) hl(Nl—Z)(%)hl(Nl—l)%)
y(n)
[ 2 —

Wl(Dl)éwl(Dl—l)

wl(z)(% wl(l)C% ymf 7

oy
—slelare
Fig. 1. Schematic diagram of the FFE-IWDFE.

2.2. Reliability calculation for PAM-4 constellation

The computation of the reliability, which is in the core of the IWDFE, depends on the specific
constellation. Figure 2 depicts the calculation of reliability value y, for PAM-4 constellation.
When the input symbol y(n) (red solid circle) of the reliability block is between —3 and 3, the
reliability value y, can be calculated by

Yn=1=1y(n) - 3(n)| “

Therefore, when the input symbol y(n) of the reliability block is close to the constellation point
(i.e., hard decision point), the reliability value v, is close to 1. Moreover, when input symbol
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Fig. 2. Reliability calculation for PAM-4 constellation.

y(n) (blue solid circle) of the reliability block is less than —3 or larger than 3, the reliability value
v, is equal to 1. It should be noted that the reliability calculation can be extended to higher-level
PAM constellation.

2.3. Reliability use of IWDFE

In order to increase the effect of reliability value vy, when it is a high value as well as decrease
this effect when it is a low value, an improved rule is performed for the IWDFE. The improved
rule of IWDFE is based on a compressed sigmoid nonlinear function [28], which is corrected
and can be expressed as

1 —exp [—a(f - 1)]
1 +exp [—a(% - 1)]

=3 +1 )
where a is a positive integer and b with 0<b < 1 is a compression factor. The parameters a and b
are required to be optimized before performing the equalization with FFE-IWDFE. Once the
pre-look-up table related to parameter a and b is obtained, we can directly use the pre-look-up
table to map the input x to the output f(x).

In addition to IWDFE, the equalization performance of the rule-1 and rule-2 based WDFEs
[27,28] will also be evaluated and compared. The function f(-) of rule-1 based WDFE can be
given by [27,28]

I,x= -y i
P [y(n) = $(n)| <dmin ©
0,x = |y(n) = 3(n)| = dmin

where dpyi, with 0 < dyin < 1 is a threshold constant. Besides, the function f(-) of rule-2 based

WDFE can be written as [27,28]
fRule—Z(x) =n @)

The abovementioned three f(-) functions of rule 1, rule 2 and improved rule are shown in
Fig. 3 for comparison. dp;, is set to 0.5 for rule 1. It can be seen that the compressed sigmoid
function is a good compromise between the threshold function and identity function, which
improves the effect of the reliability value at a large y, and decrease this effect at a small 7y,,.
Moreover, the parameters a and b contribute greatly to the slope and width of compressed sigmoid
nonlinear function of the improved rule. The detailed analyses of error propagation probability
and equalization performance among these WDFEs will be presented in section 4.

The computational complexity of the equalizer can be quantified by the number of real-valued
multiplications. Compared with conventional FFE-DFE based on Eq. (1), the FFE-IWDFE based
on Eqgs. (2)—(5) only requires additional one real-valued multiplication to obtain the feedback
symbol, which is negligible.
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Fig. 3. f(-) function comparison for different rules.

2.4. Nonlinearity-aware improved weighted decision-feedback equalizer

Besides CD-induced power fading, the nonlinear distortions caused by the square-law detection
should also be considered. Therefore, the 2™-order polynomial nonlinear terms are introduced
in the FFE-IWDFE, constructing an N-FFE-IWDFE. The n™ sample of the output of the
N-FFE-IWDEFE can be expressed as

No—1

Ni—1 Dy D,
Y = Y mRxn =)+ Y P =k + ) w0y — k) + Y wak)FPn—k)  (8)
k=0 k=0 k=1 k=1

where hy (w,) and N, (D) are the nonlinear kernel and memory length of the 2"_order nonlinear
terms of the N-FFE-IWDFE, respectively. The kernel coefficients can be obtained via training
according to a recursive least squares (RLS) algorithm [29].

3. Experimental setup

The performance of the N-FFE-IWDFE was evaluated in a C-band 120-Gb/s PAM-4 based
transmission system over 50-km SSMF. The experimental setup and DSP block diagram are
illustrated in Fig. 4(a). At the transmitter, Gray-coded PAM-4 symbols were generated offline and
simply pulse shaped by a rectangular filter with 2 samples per symbol. Then the resulted PAM-4
signal was loaded into an arbitrary waveform generator (AWG, Keysight M8194A) at a sample
rate of 120-GSa/s to generate 60-GBaud PAM-4 electrical signal. After that, the 60-GBaud
PAM-4 electrical signal from AWG was amplified by a linear electrical amplifier (EA, SHF S807)
and then fed into a Mach-Zehnder modulator (MZM, FTM 7938EZ) for double side-band (DSB)
electrical-optical conversion. The DC bias was set to the orthogonal point of around 4.2V and the
measured modulation curve of the used MZM was depicted in Fig. 4(b). The peak-to-peak signal
amplitude after EA and half-wave voltage of MZM were around 2.7 V and 5.2 V, respectively,
which corresponds to a modulation depth of around 52%. The optical source was generated
from an external cavity laser (ECL) with a center wavelength of 1550.12 nm. The launch power
was around 4.1 dBm. After 50-km of SSMF transmission without any dispersion compensation,
a variable optical attenuator (VOA) with an insertion loss of around 4.5 dB was employed to
adjust the received optical power (ROP) of the received signal which was then detected by
using a 70-GHz photo detector (PD). Note that an Erbium doped fiber amplifier (EDFA) was
applied to boost the power up to 7 dBm due to the lack of a trans-impedance amplifier (TTA).
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The detected electrical PAM-4 signal was digitized via a digital storage oscilloscope (DSO,
Keysight UXR0804A) operating at a sample rate of 256 GSa/s. Finally, off-line DSP procedures
including resampling, synchronization, equalization with half-symbol-spaced nonlinear FFE
and symbol-spaced nonlinear IWDFE, PAM demodulation and error counting were performed.
In this work, each data frame comprised 217 pPAM-4 symbols, in which the first 10000 PAM-4
symbols were utilized for the training process and the remaining symbols were effective data

symbols. The BERs were evaluated by 5 data frames.

3
S

S8}

8

Bias (V)

Fig. 4. (a) Experimental setup of the 120-Gb/s PAM-4 IM/DD system using N-FFE-IWDFE;
(b) measured modulation curve of the used MZM. AWG: arbitrary waveform generator;
EA: electrical amplifier; MZM: Mach-Zehnder modulator; ECL: external cavity laser; PC:
polarization controller; SSMF: standard single-mode fiber; VOA: variable optical attenuator;
PD: photo detector; DSO: digital storage oscilloscope.

4. Results and analysis

We firstly optimized the linear and nonlinear memory lengths of both the FFE and DFE parts
of the N-FFE-DFE and N-FFE-WDFEs at a received optical power (ROP) of —10.5 dBm. For
convenience, the optimization is based on the BER results of EP-free N-FFE-DFE, which can be
regarded as a benchmark of the corresponding N-FFE-DFE and N-FFE-WDFEs. Figure 5(a)
shows the measured BER versus the linear memory length N, at different linear memory length
D, for EP-free FFE-DFE (i.e., the linear parts of the abovementioned equalizers). One can see
that the BER performance of the EP-free FFE-DFE is improved as the memory length Ny or D
increases. The improvement becomes negligible when the memory length Ny > 102 and D > 34.
Then we optimize the nonlinear memory lengths N, and D, for the EP-free N-FFE-DFE with
N1 =102 and D| = 34. The measured BER as a function of the nonlinear memory length N, at
different nonlinear memory length D; is shown in Fig. 5(b). Compared with EP-free FFE-DFE,
the BERs of EP-free N-FFE-DFE are significantly reduced. The best BER performance can
be achieved when its nonlinear memory lengths approach N, =98 and D, =24. To balance the
performance and complexity, N1 =102, N, =98, D1 =34, and D, = 24 are set for the N-FFE-DFE
and N-FFE-WDFEs in our experiment.

We then compared the equalization performance of different DFE and WDFEs. Different from
the rule-2 based WDFE, the parameters dp;, of rule-1 based WDFE as well as a and b of IWDFE
are required to be optimized. The measured BER as a function of threshold constant dp,;, for
rule-1 based N-FFE-WDFE is shown in Fig. 6(a). The BER results of EP-free N-FFE-DFE,
N-FFE-DFE and rule-2 based N-FFE-WDFE are also included in Fig. 6(a). One can see that the
rule-1 based N-FFE-WDFE achieves the best BER performance at dy,i, = 0. In this case, the rule-1
based N-FFE-WDFE becomes a N-FFE-DFE since the reliability value vy, is always equal to 1
when dp,in = 0. For comparison, we set dpin, = 0.5 for rule-1 based N-FFE-WDFE in the following
experiment. In addition, the BER performance of rule-2 based N-FFE-WDFE is slightly worse
than that of the N-FFE-DFE as expected [26]. The measured BER versus the compression factor
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Fig. 5. (a) Measured BER versus memory length N at different linear memory length D
for EP-free FFE-DFE; (b) measured BER versus memory length N, at different nonlinear
memory length D, for EP-free N-FFE-DFE with N{ =102 and D; =34. All results are
measured after 50-km SSMF transmission at a ROP of —10.5 dBm.

b for N-FFE-IWDFE at different parameter a is presented in Fig. 6(b). It can be seen that the
value of parameter a of N-FFE-IWDFE has little impact on the BER performance when the
compression factor b is less than 0.3. Furthermore, the best BER achieved by the N-FFE-IWDFE
ata=3and h=0.15is 2.176x 1073, which is reduced by around half compared with those of the
N-FFE-DFE and rule-1 and rule-2 based N-FFE-WDFEs. Meanwhile, the achieved BER of the
N-FFE-IWDFE is also close to 1.615x 10~ achieved by EP-free N-FFE-DFE, which determines
the lower bound for equalizers’ BER performance [10]. Thus a =3 and b =0.15 are set for the
N-FFE-IWDFE. It is noted that a high tolerance for the mapping error of f(x) can be achieved for
N-FFE-IWDEFE due to the fact that the achieved BER is insensitive to the values of parameters a
and b within a wide range.

-3
1 0_1 . . . 10 x 10 i ‘
— EP-free N-FFE-DFE Y EP-free N-FFE-DFE |
N-FFE-DFE N-FFE-DFE
a b
—— N-FFE-WDFE (rule 2) @) 8| N-FFE-WDFE (b)
—A—N-FFE-WDFE (rule 1) \ 71 (rule 2)
" —A—g=1
~ ~ 6r =3
=107t o e
@m 5t a N
~6—a=10 /A/A/A/‘
e ——————— [ —— e ———_—_—_
"X H4D-FEC limit 3 ‘_ T Hp-FEC limit |
! S NLFFE-IWDFE
10_30 02 04 06 08 11 ' ‘ ‘ '
’ ’ ’ ’ 0 0.2 0.4 0.6 0.8 1
min b

Fig. 6. (a) Measured BER as a function of threshold constant dp,, for rule-1 based
N-FFE-WDFE; (b) measured BER as a function of compression factor b for N-FFE-IWDFE.
All results are measured after 50-km SSMF transmission at a ROP of —10.5 dBm.

The error propagation probability and the length of burst consecutive errors using different
DFEs were also evaluated after 50-km SSMF transmission at a ROP of —10.5 dBm. The
probability mass function of the length of burst consecutive errors is shown in Fig. 7. The



Research Article Vol. 29, No. 25/6 Dec 2021/ Optics Express 41630 |

Optics EXPRESS

following observations could be made from Fig. 7: 1) The maximum lengths of burst consecutive
errors are the same as 9 for N-FFE-DFE and rule-1 based N-FFE-WDFE with d,;, = 0.5, but the
latter suffers from higher percentage of symbol errors. 2) Due to decrease in the error propagation
probability, the maximum lengths of burst consecutive errors are reduced to 4 and 2 by using
rule-2 based N-FFE-WDFE and N-FFE-IWDFE, respectively. 3) The BER performance of
rule-2 based N-FFE-WDFE is slightly worse than that of N-FFE-DFE as presented in Fig. 6,
which is attributed to its higher percentage of single-symbol errors. 4) As can be seen form
the inset, the probability of correct symbol decision (i.e., the length of the error burst is 0) for
the N-FFE-IWDFEFE is the highest among all abovementioned equalizers thanks to its superior
decision rule and significant decrease in the error propagation probability. 5) In conclusion, the
IWDFE has the best performance on both the suppression of burst-error propagation and symbol
decision.

100

3
T

<
L
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)
AL i RS e e R R R

Probability mass function
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Length of burst consecutive errors

L l|:l l|:l N} ]
5 6 7 8 9
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=
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Length of burst consecutive errors

10

Fig. 7. Distribution of burst consecutive errors using different DFEs. All results are
measured after 50-km SSMF transmission at a ROP of —10.5 dBm.

Finally, we evaluated the system transmission performance based on the N-FFE-IWDFE.
Figure 8 shows the measured BER versus the ROP for 120-Gb/s PAM-4 signal transmission
over 50-km SSMF. The results of the N-FFE-DFE, rule-1 and rule-2 based N-FFE-WDFEs are
depicted for comparison. The BERSs of rule-1 and rule-2 based N-FFE-WDFEs cannot reach the
7% HD-FEC limit of 3.8 x 1073 due to their high percentage of symbol error. In addition, the
BER performance of rule-2 based N-FFE-WDFE is better than that of N-FFE-DFE when the ROP
is less than —13 dBm. Compared with N-FFE-DFE, around 1.1 dB improvement of the receiver
sensitivity can be achieved by the N-FFE-IWDFE. The received eye diagrams of 120-Gb/s PAM-4
signals after 50-km transmission using N-FFE-DFE, rule-1 based N-FFE-WDFE, rule-2 based
N-FFE-WDFE and N-FFE-IWDFE are shown in Figs. 8(b)-(e), respectively. The non-uniform
distributed eye diagrams after 50-km transmission may be due to the time-dispersive nonlinearity
as well as higher-order nonlinearity, which cannot be compensated by the nonlinear equalizers
with only 2"-order polynomial nonlinear terms used in our experiment. Thanks to the suppression
of burst-error propagation and accuracy symbol decision, the eye diagram of the N-FFE-IWDFE
is clearer than other three equalizers.

In order to prove the superiority in computational complexity of IWDFE, a comparison of the
equalization complexity for different schemes including FFE-DFE, 3"-order PNLE, M*—state
MLSE [30], FFE-WDFE, FFE-IWDFE, 2"-order N-FFE-IWDFE, (N +1)-symbol joint decision
scheme with FFE-DFE in [8] and multiple cascaded equalization scheme including 3"-order
PNLE, FFE-WDFE and M’ —state MLSE in [26] for each PAM-4 symbol is shown in Table 2.
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Fig. 8. (a) Measured BER versus ROP after 50-km SSMF transmission; received eye
diagrams for (b) N-FFE-DFE, (c) rule-1 based N-FFE-WDFE, (d) rule-2 based N-FFE-WDFE
(e) N-FFE-IWDEFE at a ROP of —10.5 dBm.

In the case of linear equalization, the computational complexity of FFE-IWDFE is much lower
than that of (N +1)-symbol joint decision scheme with FFE-DFE used in [8], which grows
exponentially by N. With respect to the case of nonlinear equalization using the same memory
lengths, the computational complexity of 2"¢-order N-FFE-IWDFE is also much lower than that
of multiple cascaded equalization scheme including 3'-order PNLE, FFE-WDFE and M*—state
MLSE in [26], in which the computational complexity of M"—state MLSE increases exponentially
with the increase of memory length L [30]. It should be noted that the equalization performance
of FFE-IWDEFE is superior to the conventional FFE-DFE and FFE-WDFE in reducing both the
error propagation probability and percentage of errors, while containing similar computational
complexity. Similar as FFE-DFE and FFE-IWDFE in [26], the FFE-IWDFE can also be combined
with a MLSE or a Volterra filter to further improve its equalization performance. A further
comparison of equalization performance and computational complexity among abovementioned
schemes will be investigated in future study.

Table 2. Required number of real-valued multiplications per PAM-4 symbol of different equalizers.?

Scheme Number of real-valued multiplications
FFE-DFE Ny+D;
3"_order PNLE Npi +2Np2+3Np;
4L_state MLSE [30] o4+
FFE-WDFE/ FFE-IWDFE Ni+Di+1
2™_order N-FFE-IWDFE N{+2Ny+D+2Dy+1
(N +1)-symbol joint decision scheme with FFE-DFE [8] (N1+D )N +1)+2N(N +1) +4@N*1-1)/3
Multiple cascaded equalization scheme including 3"_order PNLE, Np1+2Np+3Np3+N1+D; +1+04L+h
FFE-WDFE and 4-—state MLSE [26]

%(Ny and D; are memory lengths of FFE and DFE, respectively. N, and D, are 2"_order nonlinear memory lengths of
2"d_order terms of the N-FFE-IWDFE. Np,, Np> and Np; are the linear, 2"-order and 3"-order memory lengths of
PNLE, respectively. L is the memory length of MLSE.)
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5. Conclusion

We have adopted and experimentally demonstrated an IWDFE to mitigate CD-induced power
fading for C-band PAM-4 system. 2"%-order polynomial nonlinear terms have also been
implemented in both FFE and IWDFE at receiver side, constructing a N-FFE-IWDFE to
simultaneously equalize the CD-induced power fading and nonlinear distortions. Experimental
results show that the N-FFE-IWDFE outperforms the conventional N-FFE-DFE, rule-1 and
rule-2 based N-FFE-WDFEs in terms of the error propagation probability and percentage of
errors. Compared with N-FFE-DFE, rule-1 and rule-2 based N-FFE-WDFEs, the N-FFE-IWDFE
can significantly reduce BER, which is close to that of the EP-free N-FFE-DFE. By utilizing the
N-FFE-IWDFE, 120-Gb/s PAM-4 transmission system over 50-km SSMF has been realized with
the BER below 7% HD-FEC limit of 3.8 x 103, achieving around 1.1-dB improvement of the
receiver sensitivity over the conventional N-FFE-DFE. These results show that the IWDFE has a
great potential in high-performance and low-cost IM/DD optical transmission systems.
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