IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 32, NO. 7, APRIL 1, 2020

363

VSB Modified Duobinary PAM4 Signal
Transmission in an IM/DD System With
Mitigated Image Interference

Jingchi Li™, Shaohua An

Abstract— We experimentally demonstrate a 56-Gb/s ves-
tigial sideband (VSB) modified duobinary (MDB) 4-level
pulse amplitude modulation (PAM4) signal transmission over
an 80-km single-mode fiber (SMF) in an intensity-modulation
and direct-detection (IM/DD) system without optical disper-
sion compensation. Compared to the conventional PAM4 sig-
nal without pulse shaping, the MDB PAM4 signal exhibits a
higher spectral efficiency (SE) due to the modified duobinary
precoding. Moreover, if VSB modulation is employed to mitigate
the chromatic dispersion (CD)-induced power fading, the VSB
MDB PAM4 signal suffers less image interference resulting
from VSB filtering and direct detection (DD), thanks to its
lower components at the carrier frequency. A proof-of-concept
experiment is performed, in which the performances of the
conventional VSB PAM4 signal, the VSB Nyquist PAM4 signal,
and the VSB MDB PAM4 signal are investigated and compared
comprehensively. The experimental results show that only the
VSB MDB PAM4 signal can reach the bit error ratio (BER)
below the 20% soft-decision forward error correction (SD-FEC)
threshold of 2.4 x 102 at the 56-Gb/s rate after the 80-km SMF
transmission, due to the mitigated image interference.

Index Terms— Intensity modulation, modified duobinary,
PAM4, VSB.

I. INTRODUCTION

RIVEN by the emerging applications such as cloud

network and real-time service, the transmission capacity
demands in metro and data center interconnections are grow-
ing rapidly [1]. Systems based on intensity-modulation and
direct-detection (IM/DD) are preferred for these scenarios due
to low costs, low power consumptions, and simple implemen-
tations [2]. Meanwhile, various advanced modulation formats
have been used in current IM/DD systems such as 4-level
pulse amplitude modulation (PAM4), carrier-less amplitude
and phase modulation (CAP), and discrete multi-tone modula-
tion (DMT) [2]. Among these schemes, PAM4 is an attractive
modulation format because it has become the standard mod-
ulation scheme for the 400 GE [3]. However, when scaling
the system to a higher data rate and a longer transmission
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distance, the chromatic dispersion (CD)-induced power fading
is a main performance-limiting factor. It is known that single
sideband (SSB) modulation is an effective method to overcome
the CD limitation by removing the redundant sideband of a
double sideband (DSB) signal [4]. In general, an SSB signal
can be generated by optical or digital means [5]-[9]. Among
these schemes, the approach based on optical SSB filtering
provides an economical solution with one digital-to-analog
converter (DAC) and a low-cost intensity modulator (IM),
which is often referred to as vestigial sideband (VSB) modula-
tion. The VSB scheme leads to a non-ideal SSB spectrum due
to the limited sharpness of the passband edge though. As a
result, the image interference caused by the VSB filtering and
DD greatly degrades the system performance [9]-[11]. To mit-
igate the image interference, an equalization or an interference
cancellation scheme is typically used in the receiver, but at the
expense of an increased computational complexity [12], [13].

In order to reduce the image interference while retaining a
low computational complexity, here we propose a VSB mod-
ified duobinary (MDB) PAM4 format. The MDB PAM4 sig-
nal features a cosine spectral profile that decays to zero at
its carrier frequency, i.e., the low-frequency components of
the MDB PAM4 signal are weak. Therefore, if the MDB
PAM4 signal is VSB filtered and square-law detected, it suffers
less image interference resulting from the VSB filtering and
DD due to its spectral characteristic. However, the con-
ventional PAM4 signal, the Nyquist PAM4 signal, and the
duobinary (DB) PAM4 signal all have strong components at
the carrier frequencies. In such cases, the VSB filtering induces
severe image interference after the square-law detection in
the presence of CD, since strong low-frequency components
in the other sideband cause destructive interference to the
desired sideband. On the other hand, the proposed VSB MDB
PAM4 signal can achieve better BER performance, due to
the mitigated image interference. The MDB signal can be
generated by setting the modulator bias at its transmission
quadrature or null point. Since a VSB signal is directly
detected based on self-beating, a strong optical carrier is
required and thus the modulator is biased at the quadrature
point in the experiment [14].

In this letter, we experimentally demonstrate a 56-Gb/s VSB
MDB PAM4 signal transmission over an 80-km single-mode
fiber (SMF) in an IM/DD system. The optical VSB modulation
can overcome the CD limitation in an IM/DD system, and
the proposed VSB MDB PAM4 format mitigates the image
interference caused by the VSB filtering and DD. Therefore,
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Fig. 1. Spectra at different stages for the VSB Nyquist PAM4 signal and
the VSB MDB PAM4 signal, respectively.

a low-complexity equalization method, e.g., a least mean
square (LMS)-based linear feed-forward equalization (FFE),
can be used at the receiver side. Finally, we compare the
performances of a conventional VSB PAM4 signal, a VSB
Nyquist PAM4 signal, and the VSB MDB PAM4 signal
after the 80-km SMF transmissions. Only the VSB MDB
PAM4 signal can reach the bit error ratio (BER) threshold
of 2.4 x 1072,

II. OPERATION PRINCIPLE

In order to avoid the power fading problem, a DSB signal
with a Hermitian symmetric Fourier transform can be filtered
to obtain a SSB signal. However, the imperfect optical filtering
leads to a VSB signal, suffering severe image interference
after DD [9]-[13]. The motivation for proposing the VSB
MDB PAM4 format is discussed using Fig. 1, which shows the
spectra at different stages for the VSB Nyquist PAM4 signal
and the VSB MDB PAM4 signal, respectively. The red arrow
represents the carrier component. Fig. 1(a) and Fig. 1(d)
illustrate the optical spectra of the DSB Nyquist PAM4 signal
and the DSB MDB PAM4 signal before OBPF, respectively.
One can observe that the DSB MDB PAM4 signal has a cosine
spectrum that decays to zero at the carrier frequency, leading to
weak low-frequency components. After the OBPF, the limited
sharpness of the optical filter results in a VSB signal, and
the square-law detection of the photodetector (PD) leads to
the superposition between two sidebands. The superposition
is useful in the absence of CD, whereas it becomes the
interference through a dispersive channel. However, compared
to the VSB Nyquist PAM4 signal, the VSB MDB PAM4 signal
suffers less interference due to its weaker low-frequency
components, thus can improve the quality of the desired signal
as well as the BER performance.

The MDB signaling is a partial response signaling (PRS)
which can relax the bandwidth requirement and improve the
spectral efficiency (SE) by exploiting controlled intersymbol
interference (ISI). In a system using the MDB signaling, if ax
is the initial PAM4 sequence, the MDB PAM4 signal can be
generated as follows [15], [16]:

Ck = a — ag-2, (1)
where c; represents the MDB-coded sequence. Generally,
to avoid error propagation caused by the MDB-coding,
pre-coding is required prior to MDB-coding [15], [16]:

= (ak + bx—2) mod 4, )

¢k = bk — br—2, (3)

where by is the pre-coded sequence. After pre-coding and
MDB-coding, a four-level PAM4 signal is converted to a
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Fig. 2. Experimental setup. PM: power meter.

seven-level MDB PAM4 signal. As a result, a seven-level hard
decision operation and a modulo-4 operation are necessary at
the receiver side to recover the initial PAM4 signal [15], [16]:

= (cx) mod 4, 4)

where d; is the decoded sequence. Thus, the transmitted
symbol is only decided by the currently received symbol, and
the error propagation is removed.

III. EXPERIMENTAL SETUP

The experimental setup of the VSB MDB PAM4 sys-
tem is shown in Fig. 2. At the transmitter, a 28-GBaud
PAM4 signal is generated by an arbitrary waveform generator
(AWG) (Keysight M8195A), operating at a sampling rate
of 56 GSa/s. The output of the AWG is first amplified by an
electrical amplifier (EA) and then drives a 25-GHz IM with a
quadrature bias condition. In the experiment, we optimized
the optical modulation index (OMI) through changing the
amplitude of the signal output from the AWG, and carefully
adjusted the bias of the IM at the quadrature. A distributed
feedback laser (DFB) is used as the light source, followed by
a polarization controller (PC) to align the polarization state of
the optical signal and the IM. Then, a continuous wave light at
~1550.65 nm from the DFB laser is fed into the IM to generate
the optical signal, which is then amplified by an erbium-doped
fiber amplifier (EDFA) before launched into an 80-km SSMF
link. At the receiver, the received optical power (ROP) is
adjusted using a variable optical attenuator (VOA), followed
by a second EDFA to boost the signal. Then, an OBPF (EXFO
XTM-50) with an edge roll-off of 800 dB/nm is applied to
generate the optical SSB signal and filter out the out-of-band
noise simultaneously; this saves one EDFA compared to the
transmitter side filtering. The 3-dB bandwidth of the OBPF
is 75 GHz. The received optical signal is converted to an
electrical signal by a 40-GHz PD and then captured by an
80-GSa/s digital storage oscilloscope (DSO) (LeCroy 36Zi-A).
A 90:10 optical splitter is employed after the OBPF, tapping
out 10% of the optical power in order to monitor the optical
spectrum using an optical spectrum analyzer (OSA) (APEX
AP2040C). Finally, the signal is processed by offline digital
signal processing (DSP).

Fig. 3 presents the DSP flow charts. At the transmitter,
a pseudo-random bit sequence (PRBS) is mapped to the
PAM4 signal firstly, and a synchronization sequence is added.
Then, different signal processing schemes are implemented for
different formats. For the conventional PAM4 signal, the signal
is resampled to 56 GSa/s by a zero-order holding operation
and then loaded to the AWG. When implementing the Nyquist
PAM4 signal, the signal is up-sampled, followed by a raise
cosine (RC) filter with a roll-off factor of 0.01. The resulting
signal is resampled to 56 GSa/s and loaded to the AWG. As for
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Fig. 4. Electrical spectra of the signals generated offline and loaded to the
AWG.

the MDB PAM4 signal, the signal is pre-coded, MDB-coded,
and resampled to 56 GSa/s to align the sampling rate of the
AWG. The electrical spectra of the three signals generated
offline and loaded to the AWG are provided in Fig.4. The
bandwidth of the MDB PAM4 signal is half of the baud rate,
due to the MDB precoding. At the receiver, resampling and
synchronization are firstly implemented for all three signals,
followed by a LMS based linear FFE to mitigate the system
impairment. Afterwards, a traditional four level hard decision
is employed for the conventional VSB PAM4 signal and the
VSB Nyquist PAM4 signal, whereas seven level hard decision
and the modulo-4 operation are needed for the VSB MDB
PAM4 signal. Finally, after PAM de-mapping, BER calculation
is performed to evaluate the system performance.

IV. EXPERIMENTAL RESULTS

The BER results in the OBTB case are shown in Fig. 5.
Note that the amplitude of the signal output from the AWG
was optimized according to the BER for each signal at
different offset frequencies. The offset frequency is defined
as the difference between the optical carrier frequency and
the —3-dB frequency of the OBPF, as indicated in Fig. 6(a)
with a red arrow. In the experiment, different offset frequencies
were obtained by adjusting the optical carrier frequency, with
the fixed center frequency and the bandwidth of the OBPF.
The signals are the DSB signals at the offset frequency
near 28 GHz, and the MDB PAM4 signal exhibits the highest
BER, since it possesses more signal levels after the MDB
precoding. As the offset frequency decreases, a DSB signal is
filtered to be a VSB signal which introduces a theoretical 3-dB
penalty, whereas the signal-signal beat interference (SSBI) and
nonlinear behaviors of the optoelectronic components and the
fiber transmission also limit the system performance. Thus,
the BER increases about two orders of magnitude for all
the three signals. When the offset frequency decreases to a
few GHz frequency, both the carrier and the desired sideband
of the signal suffer from the power attenuation due to the
limited sharpness of the OBPF band edge, leading to high
BERs for all the three signals.
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Fig. 5. BER versus offset frequency in the OBTB case.
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Fig. 6. (a) Optical spectra at the output of the OBPF. (b) Electrical spectra
at the receiver.

After the 80-km transmission, the optical spectra of the
VSB MDB PAM4 signal under different offset frequencies
are shown in Fig. 6(a), measured by the OSA with a res-
olution bandwidth of 1.12-pm. The carrier-to-signal power
ratio (CSPR) at 3.5-GHz offset frequency is measured to
be 17.7 dB. Fig. 6(b) depicts the received electrical spectra
correspondingly. The frequency components near 15 GHz
and 20 GHz are the clock leakages of the DAC of the
AWG and the analog-to-digital converter (ADC) of the DSO.
As shown in Fig. 6(b), the power fading is obvious for the
large offset frequency value, and reducing the offset frequency
can mitigate this effect. Fig. 7 shows the BER results of
the three formats under different offset frequencies after the
80-km transmission. As shown, the VSB MDB PAM4 signal
achieves the best BER performance compared to other signals,
since the image interference resulting from the VSB filtering
and DD is mitigated. Due to the limited sharpness of the
OBPF band edge, the bandwidth of the undesired sideband
is larger than the offset frequency. Thus, at 0-GHz offset
frequency, the signal is still a VSB signal and the detected
signal suffers from the power fading. Only the VSB MDB
PAM4 signal can reach the BER of the 20% SD-FEC after
the fiber transmission. Note that only FFE is employed to
mitigate the linear impairments in the experiments with the
nonlinearities uncompensated, and this is the main reason for
the relative poor opening in the upper parts of the eye diagrams
of the insets. The SSBI cancellation scheme and nonlinear
equalizer can indeed improve the performance, but they are
not employed in this work, since it is a proof-of-concept
experiment and we want to study the performance of the
VSB signal with a low computational complexity. Moreover,
we can observe that the optimum offset frequency is 3.5 GHz
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for all the three signals after the fiber transmission. If the
offset frequency is larger than the optimum offset frequency,
severe dispersion induced power fading limits the perfor-
mance. On the other hand, an offset frequency lower than the
optimum value leads to an increased BER. This is because
reducing the offset frequency not only suppresses the vestigial
sideband signal but also results in a power attenuation of the
desired sideband and the carrier, due to the limited sharpness
of the OBPF band edge.

Fig. 8(a) plots the BER curve as a function of number of
FFE taps after the 80-km transmission. The step behavior may
be attributed to the choice of the step size, which is set to be
0.0001 in our experiment [17]. A larger tap number of FFE
reduces the BER effectively. However, when the number of the
FFE taps increases beyond 43, the extra taps do not improve
the system performance significantly. Therefore, the number
of the FFE taps is set to 43 in our experiment, considering
the trade-off between the computational complexity and the
system performance. Fig. 8(b) provides the BER results with
different launch powers at the optimum offset frequency after
the 80-km transmission. All the three signals have a same
optimum launch power of 6 dBm. Fig. 8(c) shows the BER
curves as a function of received optical power (ROP) at
the optimum offset frequency after the 80-km transmission.
For the proposed VSB MDB PAM4 signal, the minimum
required optical power to reach the 20% SD-FEC thresh-
old is —10.6 dBm. On the other hand, the VSB Nyquist
PAM4 signal achieves a slightly better performance compared
to the conventional VSB PAM4 signal, due to the narrower
bandwidth after the Nyquist pulse shaping.
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V. CONCLUSION

In this paper, we propose a VSB MDB PAM4 format to
reduce the image interference caused by the VSB filtering
and DD. The VSB MDB PAM4 signal features a spectral
profile that decays to zero at the carrier frequency, which can
mitigate the image interference. Moreover, we compare the
performances of the conventional VSB PAM4 signal, the VSB
Nyquist PAM4 signal, and the VSB MDB PAM4 signal after
the 80-km SMF transmissions. Only the 56-Gb/s VSB MDB
PAM4 signal can reach the BER below the 20% SD-FEC
threshold of 2.4 x 1072 with a LMS based linear FFE at the
receiver side. For the first time to the best of our knowledge,
the VSB MDB PAM4 format is proposed and experimentally
demonstrated in an IM/DD system without optical dispersion
compensation.
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