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Abstract—Coherent optical time-domain sampling is proposed
to relax the requirement for photodetector bandwidth as well as the
speed of analog-to-digital converter (ADC) and digital signal pro-
cessing. Transmission of 10-Gb/s binary phase-shift keying signals
over 220-km standard single-mode fiber was demonstrated using
10-Gsa/s ADCs.

Index Terms—Coherent optical fiber communication, dig-
ital signal processing (DSP), dispersion compensation, optical
time-domain sampling, phase estimation.

1. INTRODUCTION

OMODYNE and intradyne coherent detection for op-
H tical fiber communication re-emerged recently owing
to the development of high-speed digital signal processing
(DSP) [1]-[4]. It provides a promising way to improve receiver
sensitivity, increase spectral efficiency, enable complicated
modulation formats, and utilize electronic postprocessing.
In particular, electronic dispersion compensation (EDC) in a
coherent-detected system has received significant attention be-
cause it is low cost, flexible, and can remove the penalty caused
by optical dispersion-compensating modules [1], [2]. The
coherent receiver requires very fast analog-to-digital converters
(ADCs) with a sampling rate equivalent to the symbol rate to
convert the received signal to the digital domain. If EDC needs
to be applied, the signal electrical field has to be obtained. With
a reasonable and practical signal bandwidth equal to its symbol
rate assumed for a nonreturn-to-zero (NRZ) signal, a sampling
rate twice the symbol rate is required according to the Nyquist
theorem. After ADCs, a DSP unit performs postprocessing,
phase estimation, and data recovery. The high processing rate
required for ADCs and DSP limits real-time implementation
of coherent detection. Parallelization is necessary to relax the
requirement for these components and has been employed for
carrier recovery [3].
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Fig. 1. Configuration of parallel optical sampling and postprocessing.

In this letter, we present coherent optical time-domain sam-
pling (COTDS) and parallel processing configuration for co-
herent detection and postprocessing to effectively decrease the
required photodetector (PD) bandwidth, ADC speed, and DSP
rate. Multiple optical pulse trains instead of a continuous-wave
(CW) light are used as local oscillators (LOs) and beat with re-
ceived signal, respectively, so the signal is coherently sampled
into several COTDS tributaries. All the tributaries are then de-
tected, digitized, and processed in parallel. Transmission and
EDC of the 10-Gb/s binary phase-shifting keying (BPSK) signal
over 220-km standard single-mode fiber (SSMF) were demon-
strated using 10-Gsa/s ADCs to verify the feasibility of this
scheme.

II. PRINCIPLE OF PARALLEL PROCESSING

Fig. 1 illustrates the configuration of COTDS and the subse-
quent EDC. Assuming the data is NRZ and has a symbol rate
of R,, a sampling rate of 2R, is necessary to recover the useful
signal spectrum to perform dispersion compensation. A pulse
source with a repetition rate of fr = 2R,/M is divided into
M pulse trains (M is an integer) and interleaved in the time do-
main to form the LOs for COTDS. The relative delay between
neighboring pulse trains is T /2 = T, /M, equal to the reduced
sampling period, where 75, = 1/R; and 177, = 1/f1. The re-
ceived data signal is coupled into M 90° optical hybrids with the
COTDS pulse trains. Assuming LO pulses are narrow enough,
the complex amplitude of the beat between the signal and the LO
in each pulse duration is proportional to the signal field at the
LO pulse center. So the signal is optically sampled at 2R /M in
each tributary, as shown in Fig. 2. The outputs of the hybrids are
then photodetected and digitized by ADCs. The PD bandwidth
requirement scales with the optical sampling rate. Hence, it can
be reduced by a factor of M. All the ADCs work at fr,, which is
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Fig. 2.

the same as the COTDS pulse repetition rate and could be much
lower than the symbol rate. Therefore, the multiple LO pulse
trains perform COTDS. Note that electronic demultiplexing can
also be employed for each tributary to further parallelize the
signal and reduce the processing rate [3]. After the ADCs, mul-
tiple COTDS tributaries are available simultaneously and EDC
can be performed in parallel using M finite impulse response
(FIR) filters [5]. In Fig. 1, X; = I; 1 + jQ; k is the output of
the ith tributary, where k is the index in time domain, and C),
are the coefficients of the FIR filters. The FIR filter can be de-
signed from the impulse response (inverse Fourier transform) of
the chromatic dispersion transfer function exp(j(1/2)w?B2L),
where w is the angular frequency, (s is the fiber group velocity
dispersion parameter, and L is the fiber length. Buffers and mul-
tiply-accumulate units are needed in each filter. Each filter op-
erates at a speed of 2R /M , the same as the speed of the ADCs,
while the overall sampling rate is 2R;. After dispersion com-
pensation, the signal is resampled to one sample per symbol
(sampling rate = R;) and phase estimation is performed to re-
cover the data, which can be done in parallel as well [3]. In the
entire configuration, each module processes only signals that are
already available, so the scheme can be carried out in real time.

The coherence between all the COTDS LO pulse trains
can be realized using integrated waveguide configuration with
feedback control. However, this puts a significant burden on
hardware. Alternatively, hardware phase locking between the
COTDS LO pulse trains can be replaced by phase estimation
in the software domain, which is more desirable especially for
a large number of COTDS tributaries.

III. EXPERIMENTAL SETUP AND RESULTS

A 1 x 2 COTDS scheme was carried out experimentally to
demonstrate 10-Gb/s NRZ BPSK transmission and dispersion
compensation. The setup is shown in Fig. 3. A 10-Gb/s BPSK
signal after 220-km SSMF (D = 17 ps/(km - nm)) transmis-
sion was coherently detected using COTDS and the dispersion
was electronically compensated. For dispersion compensation,
a sampling rate of 20 Gsa/s is required for 10-Gb/s signal. In our
experiment, the sampling rate of ADCs was set at 10-Gsa/s, and
two COTDS pulse trains with a repetition rate of 10 GHz were
used as LOs to perform parallel optical sampling.

The wavelengths of the transmitter and the LO laser were
1550 nm and their frequency difference was tuned to be as small
as possible. An electroabsorption modulator was modulated by
a 10-GHz clock at a proper bias point to achieve a pulse train
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Fig. 3. Experimental setup for 1 x 2 COTDS.

with a pulsewidth around 20 ps. The pulse train was then di-
vided into two by a 50-ps relative delay. The two LO pulse
trains were adjusted to have orthogonal polarization and then
multiplexed by a polarization combiner. The polarization of the
received signal is adjusted to be 45° with respect to the two LO
pulse trains. In this way, only one 90° optical hybrid is required
and the two orthogonal LO pulse trains beat with the received
signal independently. The outputs of the hybrid were separated
by two polarization splitters and then detected by four detectors
with 12-GHz bandwidth. A real-time digital oscilloscope (Ag-
ilent DSO80000) was used as ADCs and sampled at 10 Gsa/s.
The signal power launched into SSMF was 0 dBm, and the er-
bium-doped fiber amplifiers had noise figures around 5 dB. The
total LO power was set to be —2.6 dBm.

As pointed out in Section I1, the phase difference ¢, between
the two LO channels should be stable and known to perform
EDC and phase estimation properly. In our experiment, we es-
timated the phase difference in postprocessing. Once ¢, is ob-
tained, it can be compensated since it varies slowly. We chose
consecutive “1”’s and “0”s, which had small phase change be-
tween adjacent sample points even after transmission, to cal-
culate the phase difference between the two LO pulse trains.
The corresponding sample points of these consecutive symbols
in the two tributaries should have almost the same phase, so
they could be used to calculate ¢,.|. This algorithm was demon-
strated for the 220-km SSMF transmission experiment.

After the phase difference estimation, we performed off-line
signal processing and bit-error-rate  (BER) measurement
from recorded data, by applying EDC and phase estimation
after transmission. The accumulated dispersion value was
3740 ps/nm. The block size for the phase estimation was 15. A
sliding window was used for each symbol in phase estimation
[3].

We measured the eye diagram and BER of the 10-Gb/s BPSK
signals when the 1 x 2 COTDS was used. For comparison, we
also conducted an experiment using a CW LO and 20-Gsa/s
ADC:s to electronically sample the signals. The eye diagrams
before and after EDC and phase estimation of the two schemes
are shown in Fig. 4 (P; = —19 dBm). It can be seen that
COTDS worked well for coherent detection and dispersion com-
pensation. The power penalty of using COTDS instead of using
double-speed ADC was about 8 dB, 5 dB of which was from
power splitting of the signal and the LO, and the rest was mainly
attributed to chirp of the LO pulses and low-pass filtering during
photodetection. Both penalties (due to chirp and power split-
ting) are technical and can be eliminated by using unchirped
LO pulses and increasing LO power in local oscillator-amplified
spontaneous emission (LO-ASE) beat noise limited systems.

The algorithm employed to calculate ¢, for the experimental
data requires phase comparison between consecutive samples
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Fig. 4. Eye diagrams before and after dispersion compensation and phase es-
timation using (a) optical sampling and 10-Gsa/s ADCs and (b) CW LO and
20-Gsa/s ADC. The horizontal scale for all the diagrams is 12.5 ps/div.

from two tributaries and a long data sequence to ensure accurate
estimation (4000 samples used in the experiment). A simpler
and more practical tracking algorithm can be used to calculate
¢rel for real-time implementation. In this case, the data sequence
is divided into blocks. Each block is short enough so that ¢ e
can be treated as a constant within the block. Given ¢, in the
previous block, sample points in two tributaries in the present
block are chosen if the following condition is met:

bt - oni'| < A M

where d)feTl is the known phase difference in the previous block,
¢y is the phase difference of the ith bit in the present block,
and A is the tolerance defined in the algorithm. The phase differ-
ence ¢y is then calculated by averaging those qualified sample
points. This algorithm was tested by simulation in VPItransmis-
sionMaker with a predefined phase difference variation added.
The components and settings used in the simulation were the
same as those in the experiment. The simulation result is shown
in Fig. 5. The phase difference obtained by tracking follows
closely the predefined variation, a sinusoid with frequency of
190.73 kHz and peak phase deviation of £0.57. A block size of

512 bits and a A value of 0.37 were used.

IV. CONCLUSION AND DISCUSSION

COTDS was presented to effectively decrease the required
PD bandwidth, ADC speed, and DSP rate. Multiple pulse trains
were used as LOs and performed coherent optical sampling in
parallel. A modified FIR filter for dispersion compensation is
needed for parallel implementation. Transmission of 10-Gb/s
BPSK signal over 220-km SSMF without optical dispersion
compensation was demonstrated using COTDS and 10-Gsa/s
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Fig. 5. Estimation of the phase difference between two LOs by tracking algo-
rithm compared with predefined variation.

ADCs. The scheme provides a promising way to coherently
detect and process a high-speed optical signal using available
low-speed ADCs and DSP units.

In order to maintain coherence between the COTDS LOs,
two algorithms for calculating the phase difference were intro-
duced and tested in experiment and in simulation, respectively.
It should be noted that the performance of both algorithms de-
pends on data pattern due to fiber dispersion. They work better
for long consecutive “1”’s and/or “0”s. In the extreme case of
along 101010. .. pattern, both algorithms would fail. However,
the probability of occurrence for this extreme case is statistically
small. A combination of two algorithms can be a practical solu-
tion to phase difference estimation between the tributaries. By
sending the training sequence of consecutive “1”’s or “0”s, the
initial phase difference can be obtained by the first algorithm.
The following tracking can be realized by the second algorithm.
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