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Abstract We propose a novel filter-free VSB generation scheme based on time skew with single DAC,
and experimentally transmit 38Gbaud Nyquist PAM-4/6 signals over 80km dispersion uncompensated
SSMF link with 40GSa/s ADC, achieving 7% and 20% HD-FEC thresholds, respectively.

Introduction

The capacity demand of intra- and inter-data
center interconnects (DCI) are growing rapidly,
in order to accommodate the Internet traffic
driven by the cloud, video and data services.
Intensity modulation with direct detection (IM-DD)
has dominated short-reach links because of its
simplicity and low cost [1]. However, fiber
chromatic dispersion (CD) induced power fading
effect would bring notches inside the signal
spectrum of IM-DD links, and the transmission
distance is thus severely limited [2].

So far, lots of efforts have been made to deal
with the fading problem. In the optical domain,
O-band transmission around the zero-dispersion
wavelength [3], dispersion compensation fiber
(DCF) module [4], and vestigial sideband (VSB)
reception based on optical filter [5] are three
main approaches. However, these methods
would result in larger transmission loss and
significantly increase the system cost. On the
other hand, digital-domain techniques, such as
block-wise phase switching (BPS) [6], CD pre-
compensation [7] and single sideband signalling
(SSB) with Kramers-Kronig detection [8,9], have
attracted many attentions in recent years. One
shortcoming is that 2 digital-to-analog
convertors (DACs) are used at the transmitter
together with 1Q modulator or dual-drive Mach-
Zehnder modulator (DDMZM), in order to
generate complex-valued waveforms. Therefore,
the hardware complexity and cost are much
higher than conventional IM-DD systems.

In this work, a novel filter-free VSB transmitter
is proposed and experimentally demonstrated.
With optimized time skew between the
differential arms of the Mach-Zehnder modulator
(MZM), the power fading can be mostly avoided.
With 40GSa/s analog-to-digital convertor (ADC),
we successfully transmit 38Gbaud Nyquist 4/6-
ary pulse amplitude modulation (PAM-4/6) over
80km standard single-mode fiber (SSMF)
without dispersion compensation. The bit-error
rates (BERs) can reach the 7% and 20% hard-
decision forward error correction (HD-FEC)
thresholds of 4.5x10-% and 1.5x102, respectively.

Principle

As shown in Fig.1(a), in conventional IM-DD
system, double sideband (DSB) signal can be
generated with a single DAC by operating at
differential-drive mode or single-drive push-pull
mode of MZM. Meanwhile, SSB transmitter is
implemented based on the suposition of
intensity waveform s(¢) and its Hilbert transform

H{s(t)} from two DACs as in Fig.1(b). Differently,

the principle of the proposed filter-free VSB
transmiter is shown in Fig.1(c). By introducing
time skew ¢ between the differential driving
signals on the upper and lower arms of the MZM,
the output optical field can be calculated as
follows:

E, (z)=exp[js(t)+jgo]+exp[—js(t—z')—jgo]
~e [1+js(t)]+e’”’ [l—js(t—z')] (1)
= C+j[e’f‘”s(l)—e’/”’s(t—‘r)}

Here ¢ is the bias induced phase shift, and the
approximation e* ~1+x is used. The 1st-term C
is the constant optical carrier. To understand the

mechanism more clearly, we apply Fourier
transform on Eq.(1) to see the signal spectrum.

FFT{E,(t)}=C+j[e"S(f)=e S (f)e "]
:C+j(ef“’—e""‘”e’fz’m)S(f) (2)
=C-2¢"""sin(p+7f7)S(f)

Here S(f) is the Fourier transform of s(r), and
the property FFT{s(t)}=S(f)e’*”" is employed.
Assuming the MZM is biased at the quadrature
point, then ¢=3x/4 is substituted into Eq.(2).
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Fig.1: Structure and optical spectra of (a) DSB, (b) SSB,
and (c) proposed VSB transmiter, respectively.
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Therefore, it can be found that the envelop of
the signal spectrum is shaped by sin(;r/4+7zfr),

which is asymmetrical with reference to the zero
frequency. Moreover, the position of notch and
the edge roll-off can be changed by adjusting
the skew value r . In the following proof-of-
concept experiment, r is introduced digitally.
For practical implementation, electrical delay
line might be used for differential-drive mode,
while optical delay line can be integrated with
MZM for single-drive push-pull mode.

Experimental Setup and DSP stack

The experimental setup of 38Gbaud VSB
Nyquist PAM-4/6 80km SSMF transmission is
shown in Fig.2. An external cavity laser (ECL) is
employed to generate the optical carrier
centered at 1550.2nm, which is fed into the
DDMZM. After electrical amplifiers (EAs), the
differential outputs of the arbitrary waveform
generator (AWG, Keysight M8195) operating at
64GSa/s modulates the optical carrier. Skew is
adjusted for VSB shaping through the software
IQ tools inside the AWG. Before transmission,
an erbium-doped optical amplifier (EDFA) is
utilized to control the launching power. The fiber
link is 80km SSMF without inline dispersion
compensation.

At the receiver, the optical signal is firstly
amplified by EDFA. Then O-E conversion is
conducted directly by using 40GHz photodiode
(PD) without optical filtering. The electrical
waveform is sampled and quantized with digital
storage oscilloscope (DSO, LeCroy SDA 845Zi-
A) operating at 40GSa/s. Offline digital signal
processing (DSP) is performed later in MATLAB.
It should be noted that higher baud rate is still
possible with the proposed scheme, if the
sampling rate of DSO is increased.

The transmitter- and receiver-side DSP are
shown in Fig.3(a) and 3(b). Firstly, PAM-4/6
symbols are mapped from binary sequence. The
added preamble consists of a 64-symbol
sequence for synchronization, and a 2048-
symbol sequence for channel estimation. After
2-times up-sampling, root raised cosine (RRC)
filter with 0.05 roll-off is applied to realize a
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Fig.2: Experimental setup. ECL: external cavity laser;
AWG: arbitrary waveform generator; EA: electrical

amplifier; DDMZM: dual-drive Mach-Zehnder modulator;
EDFA: erbium-doped fiber amplifier; SSMF: standard
single-mode fiber; VOA:variable optical attenuator; PD:
photodiode; DSO: digital oscilloscope; Tx: transmitter; Rx:
receiver; RRC: root-raised cosine; FFE: feed forward
equalizer; (S)VNE: (sparse) Volterra nonlinear equalizer.

rectangular-like signal spectrum. The waveform
is resampled to 38Gbaud before sending to the
AWG. Here no pre-equalization is conducted.

At the receiver, the captured waveform is
resampled to 4 samples per symbol (SPSs).
Then the synchronized sequence is down
sampled to 2 SPSs before equalization. The
taps of time-domain T/2-spaced finite impulse
response (FIR) filter is updated by recursive
least square (RLS) algorithm based on training
sequence. Here linear feed forward equalizer
(FFE), sparse Volterra nonlinear equalizer
(SVNE) with diagonal terms only, and full
Volterra nonlinear equalizer (VNE) are
employed for comparison. Finally, BER is
obtained after symbol decision and de-mapping
with ~4x105 bits.

Experimental results and discussion

Fig.3(a) shows the optical spectra with different
skew values at the transmitter with 0.02nm
resolution. When the skew value is increased
from Ops to 13ps, the spectra is gradually
transformed from DSB to VSB. Further
increment moves the notch closer to the zero
frequency. The optical extinction ratio is ~20dB,
which is enough for VSB filtering. Fig.3(b)
compares the optical spectra at back-to-back
(BTB) case and after 80km SSMF transmission,
respectively. There is 4.9dB optical signal-to-

15

|

. ||

19ps.

80km SSMF: —— Ops.

(d)

i/

/ High-frequency A
H suppression |

18ps || BTB: —— Ops

Magnitude (dB)

i

15502
Wavelength (nm)

L L 50
15602 1550.4 1549.8 1550.4

Wavelength (nm)

70 L
15498 1550.0 15506 1550.0

1550.6

15 L s L
20 -5 10 5 0 5

15 . L L . L \ "
20 45 0 5 0 5 10 15 20
Frequency (GHz)

R
Frequency (GHz)

Fig.3: (a) Optical spectra with different time skew at the transmitter. (b) Transmitted and received optical spectra with 0.02nm
resolution. (c) Electrical spectra of detected waveform after 80km SSMF transmission with 0/19ps skew. (d) Electrical spectra

of detected waveform at BTB with 0/19ps skew.
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Fig.4: Measured BER versus skew for (a) PAM-4 and (b) PAM-6 signals after 80km SSMF transsmision, respectively.
Measured BER versus skew for (c) PAM-4 and (d) PAM-6 signals at BTB, respectively.

noise ratio (OSNR) reduction after transmission, 4/6 signals after 80km SSMF transmission,
which can be also confirmed by the rising level respectively. For DSB signal with Ops skew, the
of out-of-band ASE noise. BER is larger than 0.1 even with VNE. Thanks

Fig.3(c) depicts the electrical spectra with Ops to the VSB shaping with 19ps, PAM-4/6 can
and 19ps after 80km SSMF transmission. For reach the 7% HD- and 20% SD-FEC thresholds
DSB transmission (Ops), multiple nulls can be of 3.20x10° and 2.39x102 by using SVNE,

observed inside the signal bandwidth due to the considering both performance and
power fading. With 19ps skew, the notches can computational complexity. Furthermore, VNE
be mostly avoided, leading to less severe inter- achieves the lowest BER, with the sensitivity of -
symbol interference (ISI). At BTB case, skew 5.1dBm and -1.3dBm for PAM-4/6 signals,
would bring additional penalty results from the respectively. At the BTB case as in Fig.5(c) and

slightly suppressed high-frequency as in Fig.3(d). 5(d), differential drive mode with Ops is better
Fig.4(a) and 4(b) plot the measured BER as a than 19ps. The penalties are 2.2dB and 2.0dB at
function of skew for PAM-4/6 signal after 80km the 7% HD-FEC for PAM-4 and at the 20% HD-
SSMF transmission, respectively. The optimal FEC for PAM-6 signals, respectively. Such
skew value is 19ps. Smaller skew would result penalty can be removed if the skew value is
in low-frequency region fading, while larger tuneable in the proposed VSB transmitter.
skew makes the high-frequency components
fade again. With the help of SVNE, the BERs of
PAM-4/6 can be reduced from 9.67x10° and
4.15%102 to 3.20%x10° and 2.39x102 compared
with FFE only at 19ps skew. The BERs are
further decreased to 1.22x10-% and 1.33x1072 if
full VNE is used. The tap numbers of FFE and
SVNE/VNE are 141 and (141,29,5), respectively.
On the other hand, the BTB case is also
measured as in Fig.4(c) and 4(d). The skew is
optmized as Ops for PAM-4/6 signals, which
concidences with conventional knowledge. Also
it should be noted that since there is much less

Conclusions

In summary, a novel filter-free VSB transmitter is
put forward and experimentally demonstrated.
With optimized time skew between the
differential arms of the MZM, the power fading
can be successfully avoided. With 40GSal/s
ADC, 38Gbaud Nyquist PAM-4/6 is transmitted
over 80km SSMF  without dispersion
compensation. The BERs can achieve the 7%
and 20% HD-FEC, respectively. We believe the
proposal would provide a cost-effective solution
for high-speed intra- and inter-DCI applications.
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