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Abstract: Schemes of all-optical regeneration in polarization-division-multiplexing (PDM)
systems are proposed and demonstrated with 2 x 10-Gb/s return-to-zero on—off-keying
(RZ-OOK) transmission. Regeneration is achieved based on self-phase-modulation (SPM)
effect and detuned filtering in highly nonlinear fiber (HNLF) with a polarization-diversified loop
configuration. Furthermore, the ability of mitigating polarization-mode-dispersion (PMD)
effects in PDM systems is evaluated. More than 3.7-dB eye-diagram-based signal-to-noise-
ratio (SNR) improvement is achieved in the presence of 6.3-ps PMD as the pulsewidth of the
PDM signal is about 18 ps.

Index Terms: All-optical regeneration, self-phase-modulation (SPM), polarization-division-
multiplexing (PDM), highly nonlinear fiber, polarization mode dispersion.

1. Introduction

Driven by increasing demands on sustained traffic capacity with so many emerging techniques
(e.g., IPTV, FTTX, etc.) that require large bandwidth, scientists and engineers are spending a lot of
effort to find related solutions [1]. Among various approaches, polarization-division-multiplexing
(PDM) is one of the enabling techniques that can double the system capacity directly by carrying two
data channels on orthogonal polarization states but at the same wavelength [2], [3], and over the past
few years, numerous PDM-based hero experiments have been demonstrated [4]-[6].

On the other hand, all-optical regeneration is a potential enabler for future all-optical networks
[71-[25], as it may simplify the network configuration without complicated and bit-rate dependent
optical-electrical-optical (O-E-O) conversion. Many schemes of all-optical regeneration have been
demonstrated based on different nonlinear mechanisms and different nonlinear media for various
modulation formats. Among them, self-phase-modulation (SPM)-based all-optical regeneration
using nonlinear optical fiber is a hot topic due to its simplicity, all-fiber nature, and bit-rate
independence [13]-[21].

Currently and again, driven by the need of capacity, optical communication systems are becom-
ing increasingly more complicated, including advanced modulation formats, dynamic wavelength
manipulation, reconfigurable traffic, etc. Therefore, approaches have to take into account more
dimensions (or degrees of freedom) of transmitted signals than ever before. For all-optical
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Fig. 1. Conceptual diagram of the single-channel SPM-based 2R regenerator. H-EDFA: high-power
EDFA; OBPF: optical bandpass filter; HNLF: highly nonlinear fiber.

regeneration, it would be desirable to handle more channels simultaneously using only one
module. Researchers have demonstrated all-optical regeneration (typically SPM-based) for
multiple wavelengths [22]-[25]. Although other nonlinear signal processing functionalities (e.g.,
wavelength conversion) have been achieved for PDM signals [26]-[28], there are only a limited
number of approaches of all-optical regeneration that can handle PDM signals using a single
module [29].

In addition, polarization-mode-dispersion (PMD) is a much more severe challenge for PDM
systems compared with standard single-polarization wavelength channels [30]-[32]. Approaches to
overcome PMD-induced degradations in PDM systems include (i) electronic signal processing [33],
(i) dynamic polarization tracking followed by optical PMD compensators [34], and (iii) novel data
formats, e.g., optical orthogonal frequency division multiplexing (OFDM), etc. [35].

From above, we can get an idea that it would be desirable to have an effective approach of all-
optical regeneration for PDM signals even in the presence of PMD effects. In this paper, we
propose an SPM-based all-optical regenerator through a nonlinear polarization-diversified loop for
2 x 10-Gb/s return-to-zero on-off-keying (RZ-OOK) PDM systems. The loop configuration can
regenerate two polarization tributaries of the PDM signal simultaneously and reassemble the
regenerated signals back to PDM signals automatically. In particular, we successfully demonstrate
the ability of PMD mitigation based on the proposed scheme. Performances of regeneration and
mitigation are given to illustrate its effectiveness.

The paper is structured as follows: The operation principle of proposed regenerator based on
polarization-diversified loop is discussed in Section 2 with a typical experimental setup shown in
Section 3. Experimental results about regeneration and PMD mitigation are given in Sections 4
and 5, respectively. The final section concludes our research.

2. Operation Principle

2.1. SPM-Based 2R Regeneration

First, we briefly recall the principle of the SPM-based Mamyshev single channel (one wavelength
and one polarization) regenerator as shown schematically in Fig. 1. The degraded signal includes
the signal itself (especially with different “1~-levels) and the noise part: (i) For the signal part, after
the high-power EDFA (H-EDFA), it enters a given length of highly nonlinear fiber (HNLF) with a
certain amount of chromatic dispersion. The signal spectrum will be significantly broadened and
then a reshaped but clean spectrum can be obtained using a detuned optical bandpass filter
(OBPF). (ii) The noise part can be mostly eliminated due to its broadband nature and through optical
filtering.
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Fig. 2. Conceptual diagram of the proposed 2R regenerator for PDM signals. PC: polarization controller;
IFR: in-line Faraday rotator; PBS: polarization beam splitter; VOA: variable optical attenuator.

2.2. PDM Regenerator

The conceptual diagram of the proposed all-optical PDM regenerator using the nonlinear
polarization-diversified loop is shown in Fig. 2. Amplified and degraded PDM signals at the
wavelength of )¢ are demultiplexed by the polarization controller (PC) and the polarization beam
splitter (PBS) and then counter-propagate through the nonlinear polarization-diversified loop. Based
on the loop configuration, two orthogonal polarization components of PDM signals exhibit the same
spectral broadening due to the SPM effect in the nonlinear medium (i.e., HNLF) under the pump
of H-EDFA. Inside the loop, an in-line Faraday rotator (IFR) with a round-trip polarization rotation
of 90° is used to automatically change the state of polarization (SOP) of the signals in both directions
(a PC can also be used but may suffer from complicated and dynamically precise control). Therefore,
two counter-propagating orthogonal polarization components are recombined at the input port of the
PBS after traveling through the loop and then guided out of the loop by the circulator (Port 3). Finally,
a single tunable OBPF is used to slice the broadened spectra of PDM signals at the wavelength
of\o = A\ to obtain the regenerated signals. Note that there are only one H-EDFA, one section of
nonlinear medium and one OBPF for both orthogonal polarization components (i.e., a single
regeneration module). A variable optical attenuator (VOA) may be required to balance the input power
into the HNLF between two polarization tributaries. Compared with our previous scheme [29], the new
approach is simplified: (i) fewer components (i.e., PBS, circulators, etc.); (ii) unnecessary polarization
control inside the loop utilizing the IFR, although dynamic control is still required outside the loop.

3. Experimental Setup

To evaluate the regeneration performance and perform the PMD mitigation experiment, we build a
typical setup, as shown in Fig. 3. It consists of a 2 x 10-Gb/s RZ-OOK PDM signal transmitter [see
Fig. 3(a)], an all-optical regeneration block based on SPM in the nonlinear polarization-diversified
fiber loop [see Fig. 3(b)], and a RZ-OOK PDM receiver [see Fig. 3(c)].

In the transmitter, pulses with full-width at half-maximum (FWHM) of 2.3 ps and repetition rate of
10 GHz are first generated using a mode-locked semiconductor laser diode (MLLD), operating at a
wavelength of 1556.48 nm. The pulses are then broadened to ~18 ps by an FBG-type optical filter
(OBPF1 with a 3-dB bandwidth of 0.6 nm) and data encoded by a Mach—Zehnder modulator (MZM)
with 10-Gb/s23! — 1 pseudo random bit sequences (PRBS). The encoded signals are polarization
multiplexed to generate 2x 10-Gb/s RZ-OOK PDM signals employing a decorrelating scheme that is
composed of a coupler, two PCs (PC2 & PC3), a variable optical attenuator (VOA1), 1-km single
mode fiber (SMF), and a polarization beam combiner (PBC). Here, two PCs, 1-km SMF and the
VOA are used to generate two data streams with orthogonal SOPs, decorrelate two data streams, and
balance the optical power between two arms, respectively. We define that the channel with 1-km
decorrelating SMF as CH1 and the other as CH2.

The all-optical regeneration block is similar to Fig. 2, and it is composed of an H-EDFA, an ASE
rejection filter with 3-dB bandwidth of 0.6 nm (OBPF2), 1-km HNLF, PBS1, a circulator, an IFR with a
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Fig. 3. Experimental setup: (a) 2 x 10-Gb/s RZ-OOK PDM transmitter; (b) all-optical regeneration block;
(c) RZ-OOK PDM receiver; MLLD: mode-locked semiconductor laser diode, MZM: Mach—Zehnder
modulator, PBC: polarization beam combiner, OSA: optical spectrum analyzer.

round-trip polarization rotation of 90°, and a tunable filter (OBPF3) with 3-dB bandwidth of 0.6 nm.
OBPF3 is tunable in both the wavelength and the bandwidth. The zero dispersion wavelength,
dispersion slope, and nonlinear coefficient of the HNLF are 1556 nm, 0.02 ps/nmz/km, and
30 (W - km) ™", respectively. A modified regenerator with improved transfer function is also discussed
in Section 4.

At the receiver part, an optical preamplifier (EDFA2), a 0.6-nm filter (OBPF4), a high-speed
sampling oscilloscope, and an optical spectrum analyzer (OSA) are used to measure the pulse
characteristics after polarization demultiplexing through PC5 and PBS2. The oscilloscope (86100C)
has an optical bandwidth of 65-GHz and an electrical bandwidth of 80-GHz. Through the paper, we
evaluate the signal performance mainly using the eye-diagram-based signal-to-noise-ratio (SNR)
measurement, which is a function provided by the oscilloscope. The optical signal after
transmission is directly connected with the optical port of the oscilloscope.

4. Signal Regeneration

4.1. One Section of HNLF

First, we evaluate the performance of simultaneous regeneration of two PDM tributaries
following the scheme shown in Fig. 2 (i.e., one section of HNLF with the length of 1-km). RZ-OOK
signals are degraded by adjusting the bias of the MZM and adding ASE noise through a booster
amplifier (as shown in Fig. 3). The degraded PDM signals are boosted to an optimized average power
of ~20.1 dBm (~17.1 dBm for each channel) before polarization demultiplexing [PBS1 in Fig. 3(b)].
The offset of OBPF3in Fig. 3(b) that is used to slice the broadened signals’ spectra for regeneration at
port3 of the circulator is ~1.1 nm.

Fig. 4(a) shows the spectra of input degraded and spectrally broadened signals (CH1 and CH2).
The difference of broadened spectra between two orthogonal channels is negligible. It indicates that
regeneration of two channels simultaneously using only one offset filter (i.e., OBPF3) at the loop’s
output is feasible.

In addition, Fig. 4(b) compares the spectra of one forward propagating (broadened) signal (CH1),
the backscattered noise, and the detuned filter. It can be seen that the power spectral contrast
between the broadened forward propagating signal and backscattered noise is up to ~30 dB near
the center wavelength of the offset filter, which indicates that the presence of backscattered noise
results in only a slight performance reduction to the counter channel.

Note that in order to achieve an optimized regeneration performance, a step-like transfer function
should be obtained to offer the best power equalization, and the broadened spectral components
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Fig. 4. Measured spectra during PDM regeneration. (a) Spectrum of the degraded signal and broadened
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Fig. 5. Transfer functions of the PDM regenerator (input pulse peak power versus normalized output
power).

are better to fall into the normal dispersion region for coherence degradation-induced pulse intensity
noise and modulation instability suppression [22], [36], [37]. However, due to the low and flat
dispersion characteristic of our HNLF, only a non-monotonous type transfer functions (input pulse
peak power versus normalized output power) can be obtained for both CH1 and CH2 (as shown in
Fig. 5), using only one section of HNLF. Therefore, we use a relative flat operation regime of the
transfer function (marked region in Fig. 5), and the offset filter is detuned at the shorter wavelength
side (normal dispersion region) for the performance evaluation. The slight difference between CH1
and CH2 is mainly due to the existing 1-km SMF in the PDM transmitter [see Fig. 3(a)].

Fig. 6 shows the measurement results of output (eye-diagram-based) SNR versus input SNR for
both PDM channels. All measurements are taken with the same input optical power into the optical
port of the oscilloscope (i.e., fixed to —5.0 dBm). Significant improvements are achieved for signals
with low input SNR values, e.g., there are ~4.6-dB and 4.8-dB SNR improvements achieved for two
PDM signals at the input SNR of ~4.7 dB, respectively. The improvement is limited for input signals
with good quality (high SNR). Fluctuation of measurement results mainly come from the sampling
oscilloscope itself (although the averaging function is applied). Fig. 7 further shows some typical
input and regenerated eye diagrams for comparison. Note that the regenerated pulse streams
exhibit slightly amplitude fluctuation at level “1” limited by the non-monotonous type transfer
function (i.e., not step-like).

4.2. Optimization of Transfer Function

As previously mentioned, although we achieve the regeneration of PDM signals using the
proposed scheme, there is one limitation illustrated in Fig. 5, i.e., a narrow window with flat response.
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Fig. 7. Typical input and regenerated eye diagrams (only one channel results are shown). (a) Input
signal with SNR ~ 4.7 dB and (b) the corresponding regenerated signal with SNR ~ 9.5 dB. (c) input
signal with SNR ~ 6.8 dB and (d) the corresponding regenerated signal with SNR ~ 10.3 dB.

Therefore, it would be desired to improve the transfer function through dispersion management [17],
[38]. To do that, we use a modified scheme as shown in Fig. 8(a). Instead of using only one section of
HNLF, we use two sections of HNLF with similar (almost identical) characteristics (HNLF1 and
HNLF2) and add a piece of dispersion-compensating fiber (DCF) in between to reconstruct the
regenerator. The lengths of HNLF1, DCF and HNLF2 are 1 km, 200 m, and 1 km, respectively. The
dispersion of the 200-m DCF is ~27 ps/nm. Through such a configuration, we improve the transfer
function [see Fig. 8(b)].

Based on the modified regenerator, we further evaluate its performance in the same transmission
system. Fig. 9 shows the typical spectra during regeneration. Obviously, the broadened spectrum is
quite different from that in Fig. 4 in terms of the flatness. The pump power is set to be ~19.6 dBm
(~16.6 dBm for each polarization tributary). Without repeating all the measurements, we set the
input SNR to 4.5 dB and measure the output performance as shown in Fig. 10, including the
comparison of BER curves between the input (degraded) and output (regenerated) signals with
inserted typical eye diagrams. The BER values are taken using MT1810A signal quality analyzer.
The performance is further improved (~1.2 dB) compared with the previous scheme (see Fig. 6).

5. PMD Mitigation

5.1. Single Polarization

PMD mitigation using all-optical regeneration has been demonstrated for a single wavelength
channel [39]-{41]. Here, we first confirm the ability of PMD mitigation for a single polarization.
Instead using complicated setup shown in Fig. 3, we build another simple setup as shown in
Fig. 11(a). It consists of a 10.65-Gbps RZ transmitter, a programmable DGD module as the PMD
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emulator (PMDE), an SPM-based regenerator, and a receiver. In the transmitter, the light from an
external cavity tunable laser (ECL) oscillating at 1555.8 nm is injected into two cascaded MZMs
(MOD1 and MOD2) for RZ signal generation (i.e., 50% duty cycle). The regenerator was composed
of the H-EDFA, 1-km HNLF, and a tunable OBPF with 3-dB bandwidth of 0.2 nm. After the
H-EDFA, the input power to the HNLF is ~23 dBm. The center wavelength of the tunable OBPF
is about —0.3 nm shifted from the original signal wavelength. We also evaluate the performance
using eye-diagram-based SNR. Fig. 11(b) shows SNR penalty (defined as the difference between the
measured SNR under a certain DGD values and without PMD) for both cases, i.e., without
regeneration and with regeneration. The maximum SNR improvement as much as 3.7 dB is obtained.
Optical regeneration can provide a performance improvement for the DGD value of up to 35 ps. The
SNR may be further improved if an ASE noise rejection filter is inserted after the H-EDFA. Note that
the SNR only acts as an indicator for comparison; in general, only 2-3 dB Q-penalty happens
for 10-Gb/s RZ-OOK signals in the presence of 35-ps PMD. Such simple verification confirms that
SPM-based all-optical regeneration can be used for PMD mitigation, which is a motivation for our
next demonstration.
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with regeneration).
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5.2. PDM Signals

We further evaluate the proposed PDM regenerator (modified version) to mitigate PMD effects in
PDM systems. A PMDE is inserted at the output of the PDM transmitter [see Fig. 3(a)]. The PMDE
consists of a PC and a section of polarization maintaining fiber (PMF) with a certain DGD value. The
PMDE is adjusted to emulate the worst case condition, i.e., SOP of the PDM signals is aligned to be
45° with respect to the principle state of polarization (PSP) of the PMDE. Fig. 12(a) shows the
spectra of input degraded, spectrally broadened, and regenerated signals. Similar to the case
without PMD, only one OBPF (OBPF3) is used for the regeneration. The optical power before PBS1
in Fig. 3(b) is optimized to be ~20.7 dBm (~17.7 dBm for each channel). OBPF3 is detuned ~0.75-nm
at port3 of the circulator. Fig. 12(b) shows the comparison of eye diagrams for the DGD value of 6.3-ps
(only one polarization). The SNR improvement is ~3.7 dB from 4.3 dB to 8.0 dB.

Several points should be noted: (i) The pulsewidth of RZ-OOK PDM signals is ~18 ps for our
experiments, indicating that higher data rate regeneration (e.g. > 40-Gb/s) is feasible (generally, the
PMD tolerance exhibits a linear relationship with the pulsewidth of RZ signal). Alternatively, for 10-Gb/s
RZ-OOK signals with 50% duty cycle (50-ps pulsewidth), ~17-ps PMD mitigation is achievable for PDM
signals. (ii) There is an upper limit of PMD mitigation (e.g., ~8-ps) using all-optical regeneration in our
experiment. (i) We use the manually polarization control to separate the two channels. However, due to
possible dramatic polarization perturbations in real applications, dynamic and fast polarization tracking
is one of the most challenging techniques in such regenerators [5], [34].

6. Conclusion

In summary, we have proposed and demonstrated an optical regeneration scheme that can work for
the PDM signals, even in the presence of a certain amount of PMD. Only one nonlinear module (either
one section of HNLF or cascaded sections), one H-EDFA, and one detuned optical filter are required
for both PDM channels with orthogonal polarization states. Experimental results at 2 x 10-Gb/s
RZ-OOK transmission systems indicate that such a polarization-diversified scheme may be
potentially used for other modulation formats as well. However, it is should be noted that the SPM-
based cannot improve the signal BER performance at the receiver site once an error occurs, as this
regenerator will not be able to correct it [42].
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