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128 Gbit/s high speed optical interconnection networks
in data centers by a 30 GHz Mach-Zehnder modulator’
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A decision feedback equalization (DFE) algorithm is proposed by simplifying Volterra structure. The simplification

principle and process of the proposed Volterra-based equalization algorithm are presented. With the support of this algo-

rithm, the signal damage for four-level pulse amplitude modulation signal (PAM-4) is compensated, which is caused by

device bandwidth limitation and dispersion during transmission in C-band intensity modulation direct detection (IM-DD)

fiber system. Experiments have been carried out to demonstrate that PAM-4 signals can transmit over 2 km in standard
single-mode fiber (SSMF) based on a 30 GHz Mach-Zehnder modulator (MZM). The bit error rate (BER) can reach the
threshold of hard decision-forward error correction (HD-FEC) (BER=3.8x10) and its sensitivity is reduced by 2 dBm
compared with traditional feedforward equalization (FFE). Meanwhile, the algorithm complexity is greatly reduced by

55%, which provides an effective theoretical support for the commercial application of the algorithm.
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To satisfy the rapidly increasing demand of bandwidth in
applications, such as cloud computing, datacenter inter-
connects (DCI) and virtual reality (VR), the capacity of
short reach applications is confronting with unprece-
dented challenges!!). Due to the relatively short transmis-
sion distance (e.g., <20 km) in the transmission systems
of such applications, it is imperative to realize those sys-
tems in a highly cost-effective manner. Thus, the selec-
tion of optical transport technology is largely determined
by the capability of delivering high data-rate signal with
low implementation and operation costs. In this case,
intensity modulation and direct detection (IM/DD) sys-
tems based on pulse amplitude modulation (PAM) format
have received a lot of studies because of the advantages
of lower cost and higher capacity!*’). Meanwhile, com-
pared to externally modulated systems employing di-
rectly modulated lasers (DMLs) or electro-absorption
modulated lasers (EMLs), Mach-Zehnder modulator
(MZM) exhibits superior performance for it has no chirp.
However, we still need to resolve several problems when
achieving an IM/DD system. The noteworthy one is the
severe chromatic dispersion (CD) in C-band and limited
devices  bandwidth, which  will cause in-
ter-symbol-interference (ISI), thus increasing the bit er-
ror in receiver. In these years, many researchers have
been focused on it to improve the system perform-
ance . In Ref.[3], researchers have analyzed the fre-
quency fading effect caused by dispersion with different
modulated lasers and reduced the bit error rate (BER) by

adjusting the output power or using algorithms. Mean-
while, another technical problem associated with the
MZM-based IM/DD system is the waveform distortions
induced by the serious fiber chromatic dispersion in
C-band. These waveform distortions are inherently non-
linear due to square-law detection of DD receiver and
limit the maximum transmission distance over dispersive
optical fiber. Volterra nonlinear equalizers (VNLEs) have
received a great deal of attention due to their capability
to compensate for nonlinear distortions!”. However, the
conventional VNLE has high implementation complex-
ity, which makes the nonlinear equalizer based on it un-
suitable for cost-sensitive IM/DD systems. Recently,
several studies have been reported to reduce the imple-
mentation complexity of VNLE®™. For example, some
researchers replaced the square operation by the absolute
value operation to reduce algorithm complexity™. In
Ref.[9], the author generated a sparse VNLE by simpli-
fying the third-order Volterra equalizer and optimized the
BER of the DML-based transmission system.

Thus, to solve the ISI caused by the bandwidth limita-
tion and CD and the waveform distortions induced by the
square-law detection, we proposed a simplified Volter-
ra-based decision feedback equalizer (Volterra-DFE).
Using this equalizer, experiments demonstrate that the
channel configured with 128 Gbit/s PAM4 signal can
transmit over 2 km in a standard single mode fiber
(SSMF). The experiment presented in this letter is based
on a Mach-Zehnder-based system with 3-dB bandwidth
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of 26 GHz. Results show that the algorithm complexity
is greatly reduced by 55%, while the sensitivity is re-
duced by 2 dBm compared with traditional feedforward
equalization (FFE).

Digital signal processing (DSP) plays an important
role in realizing an bandwidth-limited IM/DD system!'”’.
The DSP at the transmitter is mainly digital
pre-compensation to solve the problem of bandwidth
limitation''), and the DSP at the receiver is mainly
VNLE to solve the remaining linear and nonlinear dam-
age of the system. We combine the nonlinear equalizer
with decision feedback equalization (DFE) algorithm to
better solve the problem of dispersion. Besides, simplifi-
cation is done to reduce the complexity of the equalizer.

In our experiment, the Nyquist bandwidth of the
PAM4 signal is 64 Gbit/s, which is much higher than the
3-dB bandwidth of our system. Thus we consider to use a
pre-compensation in transmitter DSP to alleviate the
bandwidth limitation. When the system bandwidth is
severely limited, the time-domain equalization placed at
the receiver will not only enhance the noise component
in the high-frequency region, but also fail to accurately
compensate the bandwidth. Considering the limited
bandwidth and noise, the time domain pre-equalization is
placed in the transmitter to compensate the system
bandwidth. The impulse response of the time-domain
pre-equalization structure can be expressed as

L
yn :Zwkxnfk’ (1)
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where y, and x, respectively represent the output and
input data sequences of the time domain
pre-equalization, which has totally L taps. The key to
realize time domain pre-equalization is to gain the tap
coefficients which can be obtained by back-to-back
(B2B) transmission in the same optical fiber communi-
cation system. The process is shown in Fig.1. Firstly, the
transmitter generates a training sequence without
pre-equalization. After B2B transmission, the training
sequence is equalized at the receiver. Similar to the least
mean square (LMS) algorithm, the goal of training is to
use the least square algorithm to make the error signal
e(n) constantly decrease and make the equalization con-
verge. Finally, the FFE tap coefficient can be used as the
pre-equalization tap coefficient in the transmitter.
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Fig.1 Process of time domain pre-equalization

In an IM/DD-based PAM4 transmission system, we
can categorize the signal distortions mainly in three
factors, namely, limited 3-dB bandwidth of devices,
signal-to-signal beating noise (SSBN), and fiber
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nonlinearities. We can use a VNLE to simultaneously
compensate the degradation of the signal in the receiver
DSP!'*P] The output signals of the third-order VNLE
are expressed as!'"
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where x(k) is the input signal, 4(/)), hy (!, I,) and hs(/y,
h, I;) respectively represent the first, second and third
Volterra kernels, and L,, L, and L; represent memory
lengths in each part. It is worth noting that the first,
second and third terms in Eq.(2) can respectively deal
with the linear distortions, SSBN, and fiber nonlineari-
ties. The total numbers of the three kernels are L;,
Lyx(Ly+1)/2 and L3x(L;+1)%(L3+2)/6, which means that
the second and third kernels mainly determine the
computational complexity in a VNLE. However, in the
short-range IM-DD communication system, the nonlin-
ear effect of optical fiber has little damage to the signal,
and the nonlinear damage to the signal is mainly the
SSBN and the fiber dispersion. In order to control the
complexity of the equalizer, Volterra algorithm is only
reserved to the second order. The structure of the sec-
ond-order Volterra-DFE can be expressed as

&(k)y (n=k)+

k=1
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where g(k;) and g,(ky, k) respectively represent the first
and second order kernel coefficients of DFE. To further
simplify the equalizer, the second order kernels far from
the main diagonal can be set to 0 and only the square
terms are retained, thus reducing the number of taps.
Besides, in MZM-based IM-DD system, the receiver
performs square detection and the received signal is a
real signal'”. Thus the square operation of the sec-
ond-order kernels can be converted into a relatively sim-
ple absolute operation, changing the second-order equal-
izer into a first-order equalizer. The structure of the pro-
posed simplified second-order Volterra-DFE equalizer
can be expressed as

y(n)= Zh (ll)x(n—ll)-%ji;hz BIEAR
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The experimental setup for the 128 Gbit/s PAM4 signal
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transmission is shown in Fig.2. In the transmitter DSP,
pulse shaping is first implemented on a PAM4 sequence
(length: 65 536 symbols), 3% of which will be extracted
as the training sequence for our equalization in receiver
DSP. We choose different roll off factors in the B2B ex-
periment and select the best one. Then, we execute a
pre-compensation in the time domain to alleviate the
distortions brought by device bandwidth deficiencies, in
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which the taps have been pre-measured after B2B trans-
mission. Following the resample of the signal is com-
pleted before being sent to an arbitrary waveform gen-
erator (AWQ) with a 92 GSa/s resampling rate. The elec-
trical signal exported by AWG is amplified by a radio
frequency (RF) driver whose 3-dB bandwidth is about
40 kHz—40 GHz and then modulated by a
1 550 nm-MZM with a 3-dB bandwidth of 30 GHz.
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Fig.2 Experimental setup for 128 Gbit/s PAM4 signal

After the fiber transmission, we use a variable optical
attenuator (VOA) to adjust the received power to study
BER versus optical power. The optical signal is then de-
tected by a 40 GHz-bandwidth pin-photodiode (no TIA)
and amplified by an amplifier before being received by
an oscilloscope with 160 GSa/s sampling rate. In the
receiver offline DSP, we resample the data to two sam-
ples per symbol and complete matched filtering before
equalization. Our proposed Volterra-DFE is then applied
to equalize the PAM4 signal adaptively. Finally, PAM4
de-mapping and BER calculation of the signal are done
whereafter.

In the following, we analyze the transmission per-
formance of the 128 Gbit/s PAM4 signal. We first study
the effect of transmitter pre-equalization. Fig.3 demon-
strates comparison in BER versus received power with or
without  pre-equalization. ~We can see that
pre-equalization slightly improves the BER after B2B
transmission. However, when transmitting along 2 km
SSMF, pre-equalization greatly improves the perform-
ance in BER. Without pre-equalization, the BER cannot
reach 1x1072 With pre-equalization, the BER can be
achieved at hard decision-forward error correction
(HD-FEC) (BER=3.8x107) with the received power of
—3 dBm. So the effect of the provided algorithm is obvi-
ous. Influence of the taps number of pre-equalization is
shown in Fig.4. After finding a balance between the
equalization effect and complexity, 31 taps of time do-
main pre-equalization are selected.
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Fig.3 Comparison of BER versus received power
with and without pre-equalization
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Fig.4 Relationship between BER and taps number of
pre-equalization
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Fig.5 and Fig.6 demonstrate the transmission per-
formance after B2B or 2 km SSMF transmission. After
B2B transmission, the number of taps in FFE is 31.
There are 31 and 45 first-order and second-order taps in
the feedforward part of Volterra-DFE, and 17 and 10
taps in the feedback part, respectively. In the meantime,
the number of taps in our proposed simplified
Volterra-DFE consists of 31 and 9 in feedforward parts
while 17 and 5 in feedback parts. The total number of
taps turns from 103 to 62 after simplification of the
Volterra-DFE equalizer. We can see that the equaliza-
tion effect of traditional Volterra-DFE is almost the
same as that of simplified Volterra-DFE, though the
optimization is not obvious compared with traditional
FFE equalizer. The reason can be attributed to the small
signal damage in B2B transmission, in which the main
signal damage is the device bandwidth limitation, so
that FFE equalizer is enough to equalize the signal.

After 2 km SSMF transmission, the number of taps in
FFE equalizer is 41. There are 41 and 91 first-order and
second-order taps in the feedforward part of Volter-
ra-DFE, and 21 and 28 taps in the feedback part, re-
spectively. In the meantime, the number of taps in our
proposed simplified Volterra-DFE consists of 41 and 13
in feedforward parts while 21 and 7 in feedback parts.
The total number of taps turns from 181 to 82 after
simplification of the Volterra-DFE equalizer, which is
reduced by 55%. The equalization effect of the pro-
posed simplified Volterra-DFE is close to that of the
traditional Volterra-DFE, while the computational com-
plexity is reduced to a great extent, which means our
simplification is reasonable and effective. In Fig.6, the
simplified Volterra-DFE reaches the threshold of
HD-FEC (BER=3.8x107) when received power is
—4 dBm, which has an improvement of 2 dBm in sensi-
tivity compared with traditional FFE equalizer.
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Fig.5 BER versus received power after B2B trans-
mission

In this paper, we simplify the structure of Volterra
equalizer and reduce the order of equalizer from three to
two by using absolute value operation instead of square
operation. Based on the simplification, we propose a
DFE algorithm combined with second-order Volterra
nonlinear structure. Furthermore, in our experiment, we
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Fig.6 BER versus received power after 2 km SSMF
transmission

have demonstrated a single channel 128 Gbit/s transmis-
sion based on PAM4 signals. The signal distortions in the
transmission are largely compensated by the
time-domain pre-equalization and our proposed equali-
zation. It provides an effective and low complexity
choice for signal equalization in MZM-IMDD system in
data communication.
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