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Abstract

In this book chapter, optical signal processing technology, including optical wavelength
conversion, wavelength exchange and wavelength multicasting, for phase-noise-sensitive
high-order quadrature-amplitude modulation (QAM) signals will be discussed. Due to
the susceptibility of high-order QAM signals against phase noise, it is imperative to avoid
the phase noise in the optical signal processing subsystems. To design high-performance
optical signal processing subsystems, both linear and nonlinear phase noise and distor-
tions are the main concerns in the system design. We will first investigate the effective
monitoring approach to optimize the performance of wavelength conversion for avoiding
undesired nonlinear phase noise and distortions, and then propose coherent pumping
scheme to eliminate the linear phase noise from local pumps in order to realize pump-
phase-noise-free wavelength conversion, wavelength exchange and multicasting for
high-order QAM signals. All of the discussions are based on experimental investigation.

Keywords: Optical Signal Processing, Nonlinear Optics, Advanced Optical Modulation
Formats, Quadrature Amplitude Modulation

1. Introduction

Recently, digital signal processing (DSP) is playing an increasingly important role in coherent
detection for reconstructing the complex field of signal and compensating for the transmission
impairments. It dramatically simplifies the reception of multi-level and multi-dimensional
modulation formats such as high-order quadrature amplitude modulation (QAM), thus
making high-order QAM become a promising and practical approach for achieving higher bit
rate and higher spectral efficiency. However, optical signal processing is still highly desirable
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4 Applications of Digital Signal Processing through Practical Approach

and appreciable in order to overcome the electronics bottlenecks, support the transparency
and ultra-fast processing in future optical networks. As basic optical network functionalities,
all-optical wavelength conversion, wavelength data exchange, and wavelength multicasting
play important roles in the all-optical networks to enhance the re-configurability and non-
blocking capacity, and facilitate the wavelength management in future transparent optical
networks.

On the other hand, recently, lots of advanced modulation formats like single-carrier high-order
QAM like 64QAM [1-5] or multi-carrier optical orthogonal frequency-division multiplexing
(OFDM) have been introduced and realized in optical communications for enabling spectrally-
efficient and ultra-fast optical transmissions. It is desirable to exploit optical signal processing
schemes suitable for these advanced optical modulation formats. However, for these high-
order QAM signals, the increasing number of states in the constellation makes the signal more
sensitive to the intensity and phase noise. It is imperative to suppress phase noise in optical
signal processing subsystems to allow compatibility phase-noise sensitive high-order QAM
formats.

As one of the basic optical signal processing techniques, several all-optical wavelength
conversion (AOWC) schemes have been demonstrated to realize AOWC functions of OFDM,
8ary phase-shift keying (8PSK), 16QAM, and 64QAM by using the second-order nonlinear
effect in periodically-poled Lithium Niobate (PPLN) waveguide [6, 7], four-wave mixing
(FWM) in highly-nonlinear fibers (HNLF) [8, 9], semiconductor optical amplifier (SOA) [10-
12], or silicon waveguide. However, the implementation penalty of such subsystems varies
from 2dB to 4dB at bit-error rate of 10~ [9, 12], which is non-negligible for optical networks,
especially when multiple wavelength conversion nodes are included in the networks. The
distortions introduced in the AOWC mainly originate from: i) the phase noise from the pumps
due to the finite laser linewidth, referred to as linear phase noise; and ii) other undesired
nonlinear distortions or crosstalk co-existed in the nonlinear process, called as nonlinear phase
noise or distortion. To suppress the linear phase noise from pumps, the straightforward way
is to use narrow-linewidth lasers, such as external-cavity laser (ECL) or fiber laser (FL), as
pump sources. However, it increases the implementation cost. On the other hand, since the
nonlinear media in the sub-system is operated in the nonlinear operation region, expect the
dominant nonlinear effect utilized for implementing optical signal processing functionalities,
it is highly possible that other undesired nonlinear effects co-occur in this process, thus
deteriorating the quality of the converted signal. For example, for the wavelength conversion
based on the FWM in SOA, additional distortion from cross-gain modulation, cross-phase
modulation (XPM), and self-phase modulation (SPM) may deteriorate the converted signal,
while in the wavelength conversion based on FWM in HNLF, additional undesirable distor-
tions are mainly from stimulated Brillouin scattering (SBS), SPM or XPM. High-order QAMs,
especially going up to 32QAM, 64QAM or beyond, exhibit more sensitive to nonlinear phase
noise like SPM or XPM [13]. Therefore, in order to realize a high-quality all-optical wavelength
conversion (AOWC) sub-system for high-order QAMs, it is essential to optimize the system
performance of AOWC through effective monitoring approach to suppress the distortion
introduced by extra undesired nonlinear distortions. In this chapter, it is categorized into two
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parts. In the first part, the effective monitoring approach is discussed to avoid the undesired
nonlinear phase noise and distortions in the optical signal processing subsystem to enable
superior performance [14]. Then, a coherent pumping scheme is proposed and discussed in
the second part to implement the pump-phase-noise-free wavelength conversion, wavelength
exchange, and wavelength multicasting for high-order QAM signals. Figure 1 summarizes the
main topics which will be discussed in this book chapter.
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Figure 1. Topics to be discussed in this book chapter.

2. Performance optimization of wavelength conversion of high-order QAM
signals

It is well-known that for high-order QAM signals, the increasing number of states in the
constellation makes them more sensitive to the intensity and phase noise. Previously, power
penalties of around 4 dB at 5Gbaud [12], and 2 dB at 21Gbaud [9] were experimentally
demonstrated for the converted 64QAM at bit-error rate (BER) of 10°. As shown in Fig. 3, to
implement the AOWC for high-order QAMs, a simple degenerate FWM in HNLF is deployed.
Input QAM signal serves as probe, while a CW pump works as pump in AOWC. The phase
of the converted signal follows the phase relationship: 0,,=20,ymy=0 where 0o, Opump,
and O, are the phase of the idler, pump and probe, respectively. In order to implement an
AOWC for QAM signals with minimal power penalty, the phase and intensity noise from both
pump and probe should be suppressed. Since high-order QAM signals are sensitive to the

probes

5



6 Applications of Digital Signal Processing through Practical Approach

phase noise in the system, to avoid the introduced linear phase noise from pump, it is preferred
to deploy narrow linewidth light sources for the pump source. In the following experimental
demonstration, a tunable external cavity laser (ECL) with the linewidth of around 100 kHz is
employed as the light source of the input QAM signal (probe). On the other hand, two fiber
lasers (FLs) with a linewidth of around 10 kHz are used as light sources for pump and local
oscillator (LO) at the coherent receiver. Since a narrow-linewidth FL. was deployed as pump
source, the linear phase noise from pump was negligible.

Probe
Phase Transparency |qier -
Bater=2 Gpump~ Gprobe . QH,IA\gl\I;II-SO i;drfgl
2
Pump | |
i L 46()»

Widler Wpump Wprobe
Figure 2. Operation principle of wavelength conversion using FWM in HNLF.

In the AOWC subsystem based on FWM in HNLF for high-order QAM signals, the main
nonlinear distortions in the converted signal are mainly from the following sources:

1. SPM from the probe signal: Since the input QAM signal, i.e. the probe, exhibits multilevel
in amplitude, in the nonlinear operation condition, the probe may experience SPM. The
nonlinear phase noise will then be transferred to the converted signal through FWM and
finally deteriorate the converted signal. Therefore, it is critical to manage the launched
power of probe to avoid the degradation in the converted QAM signal caused by the
probe-introduced SPM. However, it will sacrifice the conversion efficiency. There is a
tradeoff between conversion efficiency and the quality of the converted signal in the
performance optimization.

2.  XPM from the pump signal: As discussed in [15,16], with limited optical signal-to-noise
ratio (OSNR) in pump, the amplitude noise in pump may distort the converted signal by
introducing nonlinear phase noise through XPM effect. In our experiment, a FL is used as
the pump source. Thanks to the low relative intensity noise (RIN) of the FL, the OSNR of
pump source is measured as around 57 dB, which avoids the pump-induced nonlinear
phase noise.

3. SBS from the pump signal: In AOWC subsystems based on FWM in HNLF, SBS limits
the conversion efficiency unless the pumps’ linewidth is broadened to increase the SBS
threshold. In an AOWC based on degenerate single-pump FWM, if intentionally
applying phase dithering on the pump, it will deteriorate the converted QAM signals.
Although it has been shown that the phase dithering could be compensated for at the
coherent digital receiver by DSP [17], the applied phase dithering will be accumulat-
ed in the converted signal as distortions and be further transferred to the next node,
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which is not suitable for multi-hop optical networks. In our experiment, thanks to the
short length (150 m) and high nonlinearity (nonlinear coefficient: 18/W/km) of the
deployed HNLF, the measured SBS threshold is around 24 dBm, which allows a high
launching power even without applying additional phase dithering. However, the
optimization of the pump power is required in order to avoid the SBS distortion in the

pump.

As discussed above, the main undesired nonlinear components in the AOWC based on
degenerate FWM in HNLF are from SPM of the input QAM (probe) and SBS of the CW pump.
In order to eliminate these deleterious components in the converted signal, the launched pump
and probe power should be well managed.

2.1. Experimental investigation

Figure 3 depicts the experimental setup used to achieve the AOWC of 36QAM and 64QAM
through FWM in HNLF. Since high-order QAM signals are sensitive to the phase noise in the
system, it is preferred to employ narrow-linewidth light sources in the experiment, especially
for the pump source. Owing to the lack of instruments in the lab, in the experiment, a tunable
ECL with a linewidth of around 100 kHz was deployed as a light source of the input QAM
signal in the experiment, whereas two FLs with a linewidth of around 10 kHz worked as light
sources for the pump and LO at the coherent receiver. To synthesize optical QAM signals, the
light from the ECL, operating at 1551.38 nm, was modulated by a single in-phase/quadrature
(IQ) modulator, which had a 3 dB bandwidth of around 25 GHz, and a 3.5 V half-wave voltage.
Two de-correlated 6- or 8-level driving signals originating from pseudorandom binary
sequence (PRBS) streams with a length of 2'°-1 from an arbitrary waveform generator (AWG)
were used to drive the IQ modulator for generating optical 36QAM or 64QAM, respectively.
After power amplification, the QAM signal was combined with amplified CW light at 1551.95
nm, and was then fed into a 150 m length of HNLF having an attenuation coefficient of 0.9 dB/
km, a nonlinear coefficient of 18/W/km, a zero-dispersion wavelength of 1548 nm, and a
dispersion slope of around 0.02 ps/nm?/km. Note that, due to the inability to tune the wave-
length of the FLs used in the experiment, wavelengths of the probe signal and pump could not
be set for the optimum FWM efficiency. Nevertheless, owing to the high nonlinear effects and
flat-dispersion-profile of the employed HNLF, the experimental results showed high conver-
sion efficiency, which can ensure the superior performance of the converted signal. The
produced idle signal at the wavelength of 1552.52 nm was filtered out and then led to the phase-
diversity intradyne coherent receiver for the coherent detection and for BER measurement.
The coherent receiver included an LO, a 90 degree optical hybrid device, and two balanced
photo-detectors (PDs). After detection by the balanced PDs, the data was digitized at 50GSam-
ples/s by employing a digital storage oscilloscope (Tektronix DP071254) which has the analog
bandwidth of 12.5 GHz. The captured data was processed offline through the DSP that
included compensation of skew, IQ imbalance, power, data resampling, linear equalization
using the finite impulse response (FIR) filtering, carrier phase recovery, and the final hard-
decision circuits. 89,285 symbols were used for the BER measurement.
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Figure 3. Experimental setup of the wavelength conversion of 36QAM and 64QAM signals.

2.1.1. AWOC of 36 QAM

In order to eliminate possible deleterious components in the converted signal, the launched
pump and probe power should be well managed. Figure 4(a) shows the measured EVMs and
BERs at the received OSNR of around 25 dB when the probe power was tuned from 7 to 15
dBm and the pump power was fixed at around 20dBm. An improvement in both the EVMs
and BERs of the converted 36QAM was observed with an increase in the probe power up to
around 11 dBm. After the inflection point (around 11 dBm), both EVMs and BERs increased
with the increase of the probe power, which was attributed to the SPM of probe in the nonlinear
process. Therefore, we considered setting the probe power to around 11 dBm to avoid the SPM
introduced in the probe. As previously mentioned, another main source of distortion is the
SBS of the pump in AOWC. To optimize the pump power, we also measured the corresponding
EVMs and BERs when the probe power was fixed at 11 dBm and the pump power was tuned
from 15 dBm to 23 dBm (Fig. 4(b)). As the launched pump power increased, EVMs and BERs
showed similar behavior. We found that it was better to operate the pump power in the range
of 17.5-22 dBm. At the pump power of 15.4 dBm, the constellations were relatively noisy due
to the low conversion efficiency. However, once the pump power was increased to 22.9 dBm,
distortion from SBS started to appear in the measured constellation, acting mainly as intensity
noise. To obtain the optimal performance, we set the pump power at 20 dBm in the AOWC of
36QAM. While monitoring the converted 36QAM, EVMs and BERs showed consistent
behavior when tuning the probe and pump powers.

As we discussed previously, the optimal pump and probe power were 20 dBm and 11 dBm
for the AOWC of 36QAM. The corresponding optical spectrum under the optimal condition
is shown in Fig. 5(i), where a conversion efficiency of about —15 dB was obtained compared
with the input probe power. Under the optimal operating condition, the BER performance was
measured as the function of OSNR at 0.1 nm for both input and converted signals, and shown
in Fig. 5(ii). For the input QAM signals, the power penalty of around 2 dB was obtained
compared with theoretical BER measurement at the BER of 10 which is better than the
previously-reported QAM transmitters [2]. The power penalty is mainly owing to the imper-
fectness of the transmitter. With respect to the input QAM, a negligible power penalty (<0.3
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Figure 4. Measured EVM (triangles) and BER (squares) results of the converted 36QAM signals (a) when tuning probe
power from 7 to 15 dBm, (b) when tuning pump power from 14 to 23 dBm.
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Figure 5. (i) Measured optical spectrum in the optimal condition, (ii) measured BER as function of the received OSNR
(0.1 nm). Insets: (a) input and (b) converted 36QAM signals.

dB) was observed at a BER of 10°. The measured constellations of the input and converted
36QAM are shown in the insets of Fig. 5(ii), where the received OSNR was around 35 dB.

2.1.2. AWOC of 64QAM

To optimize the performance of AOWC for 64QAM, measurements similar to those described
above were performed. Figure 6 (a) depicts the measured EVMs and BERs at the received 25
dB OSNR when the probe power was tuned from 7 to 15 dBm and the pump power was fixed
at around 20 dBm. The increase in the launched probe power decreased the BER of the
converted signal to around 12.2 dBm owing to the improved OSNR of the converted signals.
When the probe power was increased further, the BER started to increase, attributed to the
introduced SPM in the probe signal. The BER results with different probe powers suggested
to operate the probe power in the range of 9 to 14 dBm. Furthermore, the measured constel-
lations offered a more perceptive and precise approach for optimizing the performance. The
EVMs with the various probe powers were calculated and are plotted in Fig. 6(a). With the
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increase of the probe power, both BER and EVM results show similar trends. However,
according to the EVM and BER results, different optimum probe powers of around 9.2 dBm
and 12.4 dBm were obtained, respectively. When the launched probe power was increased to
around 12.4 dBm, SPM-induced distortion became visible in the constellation, causing the
increase of EVM. However, the SPM-induced spiral rotation in the constellation happens to
enlarge the symbol distance between symbols, thus decreasing the BER. Therefore, these
results suggested that, to optimize the performance of AOWC, it would be effective to monitor
the constellation or EVM, which gives a more intuitive and proper means to optimize the
AOWC performance, in order to eliminate the extra undesired nonlinear phase noise intro-
duced in the process.

13.25

T ili é 1IU 1‘1 1I2 1I3 1:1 1I5 ‘1[51 916 1IT 1‘8 1‘9 2‘[] 2I1 22
Launched Probe Power (dBm) Launched Pump Power (dBm)

Figure 6. Measured EVM (triangles) and BER (squares) results of the converted 64QAM signals (a) when tuning probe
power from 7 to 15 dBm, (b) when tuning pump power from 17 to 21 dBm.

For pump power optimization, the EVM and BER results were measured when the launched
pump power was increased from 17 to 22 dBm, whereas the pump power was set at around 9
dBm. The measurement was done for optimizing the pump power and is shown in Fig. 6(b).
Similar behavior was obtained for the measured EVM and BER values when the pump power
was increased. In order to avoid the distortion owing to the SBS, we considered to set the pump
power in the range of 17.5-20.5 dBm. It is clear that a high pump power was helpful for
obtaining high conversion efficiency, therefore, resulted in a sufficient OSNR for the converted
signal. Thus, in this experiment, the pump power was optimized to 20 dBm, which resulted
in a conversion efficiency of about -15 dB and also ensured that there was no SBS distortion
introduced for the converted signal. The distortion from SBS acted mainly as amplitude noise

in the constellations, and became severe once the pump power was increased to more than
20.5 dBm.

To achieve the optimal performance of AOWC for 64QAM signal, the pump and probe power
were set at 20 dBm and 9 dBm, respectively. A conversion efficiency of around -15 dB is
obtained, as shown in Fig. 7(i). Under the optimized conditions, the BER performance as a
function of OSNR was shown in Fig. 7(ii). The implementation penalty compared with the
theoretical BER curve was around 2.8 dB for 64QAM, at a BER of 1073, which is much better
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Figure 7. (i) Measured optical spectrum in the optimal condition, (ii) measured BER as function of the received OSNR
(0.1 nm). Insets: (a) input and (b) converted 64QAM signals.

than those of the previously-reported 64QAM transmitters in [3—4]. Similar to that performance
of 36QAM AOWC, a negligible power penalty of <0.3 dB was observed with the respect to the
input signal at a BER of 107 after the conversion. The obtained constellations of the input and
converted high-order QAMs at around 35 dB received OSNR and are shown in the insets of
Fig. 7(ii).

2.2. Summary

We have experimentally demonstrated the AOWC of optical 10-Gbaud (50 Gbps) 36QAM and
(60 Gbps) 64QAM through a degenerate FWM effect in HNLF with a power penalty of less
than 0.3 dB at a BER of 107. In order to optimize the AOWC performance, the converted high-
order QAM signals were evaluated by measuring the BER and constellations, i.e., EVM. Since
EVM showed higher sensitivity in the presence of nonlinear phase noise, the results suggested
the effectiveness of optimizing the AOWC performance by monitoring EVM, rather than BER,
especially for high-order QAM signals.

3. Pump-phase-noise-free optical signal processing

The previous session mainly focuses on how to avoid or suppress the nonlinear noise or
distortion in optical signal processing. In this session, the focus is to exploit the approach to
eliminate the linear phase noise from the local pumps deployed in optical signal processing
subsystems. In optical signal processing subsystems, such as wavelength conversion, wave-
length exchange or wavelength multicasting, it is inevitable to deploy local pump sources to
realize the optical signal processing functionalities. As we discuss before, the linear phase noise
from local pumps may introduce phase noise or distortion to the converted signal in optical
signal processing subsystem. The most straightforward way is to deploy narrow-linewidth
lasers as pump sources. However, it increases the implementation cost of the systems. We will
present our proposed coherent pumping scheme. Thanks to the phase noise cancelling effect
using this coherent pumping, it allows the use of low-cost distributed feedback (DFB) lasers

11



12 Applications of Digital Signal Processing through Practical Approach

as pump sources, and at the same time, ensures the superior performance since it is free of the
phase noise from pumps. Here we will demonstrate several pump-phase-noise-free optical
signal processing subsystems for high-order QAM signals, including: (a) pump-phase-noise-
free wavelength conversion and wavelength exchange for high-order QAMs signals using
cascaded second-order nonlinearities in PPLN [18, 19]; and (b) pump-phase-noise-free
wavelength multicasting of QAM signals using FWM in HNLF [20].

3.1. Pump-phase-noise-free wavelength conversion and wavelength exchange in PPLN

Figure 8 depicts the operation principle of the pump-linewidth-free AOWC. It is based on
cascaded second-order nonlinearity in PPLN. Two pumps at w,; and w,, are allocated at one
side of quasi-phase-matching (QPM) wavelength of PPLN, whereas input signal at w, is placed
symmetrically with pump at w,; with respect to QPM wavelength. After AOWC, the input
signal at w; is shifted to the frequency w,, with w,=w,-w,*+w;, where w,;, w,, and w, are the
frequencies of pumpl, pump2, and the input signal, respectively. It is typically employed for
performing the data exchange between the two input wavelengths [13], i.e. wavelength
exchange. The frequencies w,; and w, have to be arranged symmetrically with the respect to
the PPLN’s quasi-phase-matching (QPM) wavelength in order to satisfy the phase matching
condition and for increasing the conversion efficiency. With the non-depletion assumption,
linear mapping between the input and output relationship in complex amplitudes and phase
are given by equations (1) and (2), respectively.

Op2 Op1 -
— Wavelength Shifting Phase of Output Signal

“~ 1T Oinput  Ooutput

/\ Ooutput = ABp1 - AOp2 + Binput + C

QPM
1
: 2‘ /\ \ Phase Noise from Pumps Aepump
®p2  @p1 o1 w2
Coherent Pumps Input Output

Free-running Pumps ABpump # 0 =2 Phase Noise
Coherent Pumps ABpump=0 => Pump Phase Noise Cancelled

Figure 8. Operation principle of the pump phase-noise cancellation using coherent pumping.
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where 0 0 Oinpur AO 1, AB,,, and C are the phase of the converted and input signals, the phase
noise from pumpl and pump?2, and a constant term, respectively, and AO,,,,, =A8,,; -AB,,,. Note
that the phase information in each pump is transparently transferred to the converted signal
as a subtraction term between them. In order to avoid additional phase noise introduced in
the process, the phase noise term from pumps, AB s should be minimized. If the pumps are
synthesized by a two-tone generator (TTG) from a single laser source, the phase noise from
pumps is eliminated in the converted signal, i.e. AB,mp=0. Hence, the wavelength conversion
becomes free of the phase noise from pumps, allowing the use of lower cost lasers and at the
same time ensuring a superior performance in terms of noise performance. The TTG may be
constructed using either Mach-Zehnder modulators driven by a RF clock, or an optical
frequency comb followed by an optical spectrum shaper. The two-tone spacing could vary
from a fraction of nanometer to several nanometers, making it possible to cover a relative wide
conversion range in the OWC. The TTG generated from a filtered optical frequency comb is

more suitable and practical for the OWC based on HNLF.

3.1.1. Pump-phase-noise-free AOWC in PPLN

The experimental set-up is depicted in Fig. 6, showing OWC scheme of 16 and 64 QAM signals.
A 5kHz linewidth FL at the wavelength of 1552.52 nm was deployed as the light source to
minimize the phase noise from the input signal. And then the light was modulated by an in-
phase/quadrature (IQ) modulator for generating QAM signals. The two de-correlated 4- or 8-
level driving electronics derived from 10-Gbaud PRBS streams with the length of 2'°~1 were
generated from an arbitrary waveform generator (AWG) to drive the IQ modulator, which has
a Vrtof 3.5V and an optical bandwidth of around 25 GHz. Two different pump configurations
were adopted for comparison. The two pumps were generated from a single laser source at
the wavelength of 1548.08 nm using a TTG in the coherent pump configuration, which
consisted of a high extinction-ratio (ER) optical modulator driven by a 25-GHz RF clock. The
high-ER modulator was made up on the x-cut LiNbO; substrate with two embedded active
trimmers in each arm and it has the extinction ratio of up to 60 dB. The two phase-correlated
coherent pumps were obtained with the 50-GHz frequency separation with a >40-dB spurious
suppression ratio. For the case of free-running pumping, two independent free-running lasers
at the wavelengths of 1547.88 and 1548.28 nms were used as pumps with 50-GHz spacing. For
each of the configurations, we tried either the 500-kHz linewidth ECLs or the 3.5-MHz
linewidth DFBs as the laser sources for the pumps.

The optical spectra with and without pumps for wavelength conversion of 64QAM signals
after the PPLN are shown in Fig. 10. Similar conversion efficiency (CE) and signal depletion
(SD) were obtained for the both free-running pumps (ECL/DFB) and coherent two-tone pumps
(ECL/DEFB). Here, the CE is defined as the power ratio between the converted signal to the
input signal after the PPLN. On the other hand, the SD is the power ratio of the input signal
after the PPLN when the both pumps were switched OFF and ON, respectively. The total pump
power launched into the PPLN was set to the maximum value of about 28.8 dBm (25.8 dBm
for each pump) to maximize both CE and SD, where CE of -6.5 dB and SD of 25 dB were
obtained with input signal power of 6 dBm.

13
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Figure 9. Experimental set-up for AOWC of 16QAM and 64QAM signals.
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Figure 10. Optical spectra measured after PPLN when performing OWC of 64QAM with DFB pump lasers in both
free-running and coherent configurations.

ECL ECL . ECL
Seen 335332 sesithy
seae 335l . §£::.~::2§
Suee 30258 ittt
eaee 3351330 w2222
DFE__ . DFB  bFe
#5088  Goolesie
(S8 o0l
SRSE Sl

05 0 05

Coherent Pumps Free-running Pumps

Figure 11. Measured QAM constellations using ECL and DFB pump lasers in coherent two-tone and free-running con-
figurations (16QAM: OSNR=18 dB, 64QAM: OSNR =34 dB).
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The constellations of the converted 16/64QAMs signals were re-constructed and observed with
different pump lasers and pump configurations. As shown in Fig. 11, for either ECL or DFB
pump laser, clear constellations are observed with coherent two-tone pumps. On the other
ways, with the ECL pump lasers in free-running configuration, symbol rotation in phase starts
to turn into obvious in the 64QAM constellation owing to the additional phase noise from the
free-running ECL pumps. Furthermore, the presence of even larger pump phase noise causes
clear spreading of the symbols around the unit circle for both formats with DFB free-running
pumps, which is more severe for the higher amplitude symbols. From the measured BER
curves, the results can also be confirmed as a function of optical signal-to-noise ratio (OSNR)
at 0.1 nm for both input and converted 16/64QAM signals, as seen in Fig. 12. For both ECL and
DFB pump lasers with coherent pump configuration, negligible power penalties of <0.1 dB for
16QAM and <0.3 dB for 64QAM at BER of 107 are observed with the respect of the input signal
at 10Gbaud. Although we can get insignificant power penalty of <0.3 dB at BER of 10~ for
16QAM with ECL as the pump laser, by increasing the modulation level to 64QAM, a 0.5 dB
penalty at BER of 10° and an error floor at around 3x107 are observed in the case of free-
running pumps. Owing to the strong phase noise with the free-running DFB pumps, even at
>30 dB OSNR, a BER of around 1072 is observed for 16QAM. The effectiveness of the pump-
phase-noise removal in the OWC for high-order QAM with coherent two-tone pumps is
verified by the BER and constellation results.

BtB 16QAM
BtB 64QAM

19 25 27
OSNR (dB)

Figure 12. Measured BER vs. OSNR curves for 16/64QAM. Squares: back-to-back (BtB), stars: coherent pumps (ECL),
crosses: free-running pumps (ECL), diamonds: coherent pumps (DFB).

3.1.2. Pump-phase-noise-free wavelength exchange in PPLN

Wavelength exchange is a kind of optical signal processing technique to realize bidirectional
information swapping between different wavelengths. It consists of simultaneous signal
depletion and wavelength conversion processes of two participated channel signals. Each of
input signals is power consumed and its corresponding power is shifted to the other wave-
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length, finally realizing data exchange between two wavelengths in single device. So far,
several works have been demonstrated through non-degenerate FWM in highly-nonlinear
fiber [21-24] or cascaded second-order nonlinearities in PPLN waveguide [25-26].
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Figure 13. Measured constellations of input and converted signals after wavelength exchange (16QAM and QPSK).

Here, we apply the coherent pumping concept to wavelength exchange to demonstrate
pump-phase-noise free wavelength exchange in PPLN. For experimental demonstration, an
experimental setup similar to the one shown in Fig. 9 was deployed by adding another
input signal. Two input signals modulated in 16QAM and QPSK, respectively were
launched to PPLN as input signals for performing wavelength exchange. To evaluate the
performance of wavelength exchange, BER and constellations were measured. The
constellations of the swapped signals with different pump configurations are depicted in
Fig. 13. With coherent pumps, clear constellations are observed for both QPSK and 16QAM.
However, with DFB free-running pumps, the presence of pump phase noise causes clear
spreading of the symbols around the unit circle with which is more severe for the higher
amplitude symbols in 16QAM. It implies that with incoherent DFB pumps, the phase noise
from pump severely deteriorates the swapped QAM signals. It can also be confirmed from
the measured BER curves as a function of OSNR (0.1 nm) for both input and swapped
signals. With coherent DFB pump, around 0.6 dB and 3 dB power penalties at BER of 10
were obtained for QPSK and 16QAM, respectively. As discussed above, this is mainly
attributed to the crosstalk introduced by finite ER (20dB). However, in case of free-
running pumps, although it was still possible to obtain BER curve for swapped QPSK, ~3.4-
dB penalty and visible error-floor at BER of 5x10* were clearly observed. Due to the
susceptibility of 16QAM against phase noise and crosstalk, it becomes impossible to obtain
BER plot for the swapped 16QAM. This verifies the effectiveness of the elimination of the
pump phase noise in the OWE for high-order QAM with coherent pumps.
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Figure 14. Measured BER vs. OSNR of the input and swapped QAM signals.

3.2. Pump-phase-noise-free wavelength multicasting of high-order QAM by FWM in HNLF

With the emergence of high-bandwidth point-to-multipoint applications such as high-
definition Internet TV, big-data sharing, and data center migration, the need for wavelength
multicasting has arisen recently to improve the network throughput and decrease the blocking
probability in optical networks. Through multicasting, the network wavelength resources
could be efficiently and flexibly managed in wavelength division multiplexing networks.
Recently, it has also shown the application of wavelength multicasting in the all-optical
spectrum defragmentation in elastic optical networks (EON) [27]. All-optical multicast
through the nonlinearities in HNLF [28-30], SOA [31] and silicon nanowire waveguide [32]
has been reported.
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Figure 15. Operation principle of wavelength multicasting based on FWM in HNLF.

With the proposed coherent pumping, it is possible to achieve pump-phase-noise-free
wavelength multicasting as well. Figure 15 illustrates the operation principle of the proposed
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pump-phase-noise-free wavelength multicasting scheme based on FWM with coherent multi-
carrier pump. With the input three pumps at w,, w,, w;, and input signal at w,, seven multi-
casted channels, including the original input signal, are uniformly generated with a spacing
of Aw. The frequency spacing settings of Aw and 2Aw between w, and w,, w, and w; could
efficiently avoid the overlapping of spectrum among multicasted channels. It finally leads to
a uniform frequency allocation of the multicasted signals alongside of the input signal with a
spacing of Aw, which is important to realizing all-optical spectrum defragmentation [27]. The
generated six components next to input signal are the non-degenerate FWM components with
the frequencies of w;:, where i,j €[1, 2, 3], i#j, and * symbolizes the conjugate operation. The
following equation shows the resultant phase in the multicasted signal at wg;:

Oriput = Ornpue £ (A0, =20, )+C =0, +A0,, +C 3)

output input = pump

where A8, =A0,-AB,;, and 6 0 AB,;, AB,,;, and C are the phase of the output and input
signals, the phase noise from pump i, j where i, j€[1, 2, 3], and a constant term, respectively.
When the pumps are coherent in phase, it is obvious that the phase noise from pumps are

eliminated in the multicasted signals, i.e. AO

outputr Yinput/

pump=0- Therefore, the wavelength multicasting
becomes tolerant against the phase noise from the pumps. Hence, lower-cost DFB lasers can
be used as pump source. In practice, an optical comb with a spacing of Aw could be employed
to generate the coherent multi-carrier pump followed by an optical processor. The optical
processor could ether be a liquid crystal on silicon (LCoS) device or cascaded band-pass and
notch filters to select coherent carriers with desired spacing. The multicasting scale and the
channel spacing of multicasted signals could be simply re-configured by programming the
optical processor. The coherent pumping concept has been applied to wavelength conversion
to remove the phase noise from the local pumps [18]. It is more beneficial and cost-effective
when coherent pumping scheme is extended to multicasting with the flexible coherent multi-

carrier pumping.

Free-Running Pumps

Flexible Coherent Multi-Carrier Pump

H Real-time
BPF 1 BPF Oscilloscope

90°
i
!

w5t T

speed

! Attn EDFA

Optical 90°
Hybrid
Converter

High:

Figure 16. Experimental setup of pump-phase-noise-free 1 to 7 wavelength multicasting based FWM in HNLF.
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To verify the proposed pump-phase-noise-free wavelength multicasting, a 1-to-7 multicasting
experiment for QPSK and 16QAM signals was conducted with the setup shown in Fig. 16.
Different from the setup shown in Fig. 9, a coherent multi-carrier pump is used as pump source,
and a piece of highly-nonlinear fiber (HNLF) with length of 150 m is deployed as nonlinear
media. The deployed HNLF has an attenuation coefficient of 0.9dB/km, a nonlinear coefficient
of 18/W/km, a zero-dispersion wavelength of 1548 nm, a dispersion slope of around
0.02ps/nm?/km and low P4 (2x10°s*/m). Thanks to its high nonlinearity, a short length of
HNLF (150 m) is sufficient to achieve the FWM-based wavelength multicasting. To retain the
coherence of pumps, the short lengths, low and flat dispersion profile of the deployed HNLF
are helpful to maintain the coherence of the pumps when propagating in HNLF. The constel-
lations of the input and multicasted QPSK and16QAM signals with different pumping
configurations are shown in Fig. 17. Even using DFB as pump laser, clear constellations are
observed with coherent 3-carrier pumping. However, in the case of free-running DFB pump-
ing, for the newly-produced components, clear symbol spreading around the unit circle
occurred due to the phase noise from DFB pumps. It happens especially for the outer symbols
with higher amplitude in 16QAM. The measured BER curves as function of OSNR (0.1 nm) is
depicted in Fig. 18. For both QPSK and 16QAM, less than 0.8 dB power penalty was obtained
at BER=10" for all of the seven multicasted signals with respect to the input signal with
coherent pumping. On the other hand, owing to the strong phase noise transferred from the
noisy pumps with free-running DFB pumping, error-floor at BER of 1x10~ and 4x10~° was
observed for QPSK and 16QAM, respectively. The effectiveness of the elimination of the pump
phase noise is verified in the multicasting for QAM signals with coherent multi-carrier

pumping.

Input Coherent Pump Free-Run. Pump

@ (b)

() . .
. = . ® @ ;}fﬂg.
IFEE R N A Y .

Yoswew
IRA LA DN
IET X T 2
= 32X =

Figure 17. Measured constellations of input and converted signals with coherent pumping and free-running pumping
schemes. QPSK: (a)~(c); 16QAM: (d)~(f).
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Figure 18. Measured BER vs. OSNR curves for (a) QPSK and (b) 16QAM multicasting systems.

3.3. Summary

In this section, in order to avoid the phase noise introduced from local pumps, coherent
pumping concept has been proposed. Through experimental demonstration based on either
cascaded second-order nonlinearities in PPLN or third-order nonlinearity in HNLF, we have
successfully demonstrated that, even using low-cost noisy DFB lasers as pump source, the
phase noise from local pumps could be effectively avoided in optical signal processing for
high-order QAM signals, including wavelength conversion, wavelength exchange, and
wavelength multicasting. However, in cases of free-running DFB pumps, it is impossible to
obtain clear constellations for QAM signals, especially for 16QAM and 64QAM signals, which
was significantly deteriorated by the large phase noise from DFB pumps.

4, Future works

To properly conduct optical signal processing for advanced high-order QAM signals, several
issues have been addressed in this chapter. We also discussed proposed coherent pumping
schemes for realizing the phase-noise-free optical signal processing for high-order QAM
signals. For further study and investigation, the following aspects could be considered.

1. Phase-noise-free processing for multi-carrier high-order signals

Here, the study and investigation of phase-noise-free optical signal processing are mainly
focusing on the single-carrier high-order modulation formats like high-order QAMs. It is also
applicable to the multi-carrier high-order signals, such as coherent optical OFDM (CO-OFDM)
with subcarriers modulated in high-order QAMs. Such QAM-CO-OFDM also suffers from the
susceptibility against phase noise, especially for CO-OFDM with high-order QAM subcarrier
modulations [33]. Therefore, it is highly desirable to further apply the coherent pumping
concept to demonstrate the phase-noise-free processing for multi-carrier high-order signals in
the near future.
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2. Reconfigurable coherent optical multi-carrier

As we point out in the above sections, coherent optical multi-carrier could be produced by an
optical comb followed by optical signal processing, which is usually an LCoS-based compo-
nent. It is cost effective to share multi-carrier for multi-channel signal processing. However, it
is still costly to include LCoS-based optical processor in optical signal processing subsystems.
Thus, it is interesting to further develop cost-effective coherent multi-carrier with reconfigur-
able tone number and spacing. It will be one of key components for realizing reconfigurable
optical signal processing in the future.

3. Other nonlinear media to realize optical signal processing

The experimental demonstration reported here is mainly focusing on HNLF and PPLN
devices. Obviously, it could also be implemented in other nonlinear media like SOA especially
quantum-dot SOA [34], and silicon waveguides [35].

5. Conclusion

Local pump lasers are indispensable for conducting optical signal processing for optical
signals. For phase-noise-sensitive advanced modulation formats, the phase noise from local
pumps are critical to be considered in order to realize superior optical signal processing. In
this chapter, optical signal processing technology for high-order QAM signals has been
discussed, with focus on wavelength conversion, wavelength exchange and wavelength
multicasting for high-order QAM signals. To design high-performance optical signal process-
ing subsystems, both linear and nonlinear phase noise and distortions are the main concerns
in the system design. We first investigated the effective monitoring approach to optimize the
performance of wavelength conversion for avoiding undesired nonlinear phase noise and
distortions. Then, in the following sections, we discussed our proposed coherent pumping
scheme to eliminate the linear phase noise from local pumps in order to realize pump-phase-
noise-free wavelength conversion, wavelength exchange and multicasting for high-order
QAM signals. Experimental demonstrations were present to verify the feasibility of the
proposed coherent pumping schemes.
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