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Abstract—The optical parametric amplifier (OPA) has attractive
features for optical communications, such as a wideband, high gain,
and fast transient response. In addition, by using idler light, which
is phase-conjugated light generated in the amplification process,
various Kinds of optical signal processing, such as fiber-nonlinearity
mitigation, wavelength conversion, and phase-sensitive amplifica-
tion, can be performed. A periodically poled LiNbO3; (PPLN) wave-
guide is an x®-based optical parametric amplification medium,
and it makes both wideband and high-gain amplification possible.
We developed a 4-port PPLN module that can combine signal
light and pump light into a PPLN waveguide with low loss. In
this paper, we overview the applications of OPA to WDM optical
fiber transmission and explain the configurations of an OPA using
4-port PPLN modules. As applications of our PPLN-based OPA,
we introduce the demonstration of wideband inline amplification
exceeding 5 THz. Furthermore, we demonstrate inter-band wave-
length conversion between C- and S-bands using PPLN waveguides
developed for multi-band optical transmission applications.

Index Terms—Nonlinear optics, optical amplifiers, optical fiber
communication.

I. INTRODUCTION

PTICAL Transport networks using wavelength-division
multiplexing (WDM) and digital coherent technology
have been widely deployed. For increasing the transmis-
sion throughput to meet the demand for high-speed com-
munications, spectrally efficient modulation formats, such as
higher-order quadrature-amplitude modulation (QAM), and
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transmission bandwidth extension are effective. Recently, using
a probabilistically shaped (PS-) 64QAM signal, 1-Tbps/ch. full
C-band WDM transmission was demonstrated over 800 km [1].
Spectrally efficient signals require a high signal-to-noise ratio
(SNR) according to the Shannon theorem. In the region linear
with respect to the input power, the SNR of the received signal
is improved as the optical SNR (OSNR) increases given that the
SNR of the electrical signal provided to the optical modulator is
sufficient. However, excess fiber-input power to increase OSNR
brings strong fiber nonlinearity, which causes signal distortion
induced by self-phase modulation (SPM), cross-phase modula-
tion (XPM), and four-wave mixing (FWM). In such nonlinear
region, the OSNR improves as the input power increases, but the
SNR of the received signal deteriorates. Thus, fiber-input power
is limited by fiber nonlinearity. In addition, it is well-known that
phase-insensitive amplifiers (PIAs) such as erbium-doped fiber
amplifiers (EDFAs) output excessive amplified spontaneous
emission (ASE) noise corresponding to a noise figure (NF) of
>3 dB. Therefore, transmission bandwidth extension and op-
tical signal-processing such as fiber-nonlinearity mitigation for
improving SNR are important techniques for further enhancing
the transmission throughput in optical fiber communications.
In deployed WDM transmission systems, EDFAs, which typi-
cally have a4-THz amplification bandwidth in the C- or L-bands,
are widely used as inline optical repeaters. The conventional
systems have been designed for this EDFA band. To extend the
optical transmission bandwidth and realize multi-band optical
networks using S-, C-, and L-bands, various wideband optical
repeater configurations have been proposed such as a hybrid
configuration of Raman amplification and EDFAs [2], [3], all-
Raman amplification [4], [5], multiple rare-earth-doped fiber
amplifiers with different amplification bands [6], and a semi-
conductor optical amplifier [7]. The optical parametric amplifier
(OPA) is also attracting attention in research as a wideband
optical amplifier outperforming the EDFA band. OPAs utilizing
nonlinear optical processes have been studied using periodically
poled LiNbO3 (PPLN) waveguides as a x®-based medium [8]—
[13] or highly nonlinear fibers (HNLFs) as a x®-based medium
[14]-[19]. Recently, a highly efficient y®-based OPA using a
silicon nitride waveguide was also proposed [20]. The attractive
features of the OPA are a wideband [8], [12], [15], [16], high gain
[12], [13], [17], and small gain-transient response [18], [19].
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Fig. 1. Representative demonstrations of WDM fiber transmission utilizing
OPAs as inline OPA, OPC, and PSA.

An inherent feature of the OPA is that idler light is generated
at a wavelength symmetric with respect to the center of the
amplification band of the OPA while signal light is amplified.
Using idler light, spectral inversion, which is the simultaneous
flipping of the signal spectrum, can be performed. Utilizing this
function of the OPA, wavelength conversion of signal light can
be performed [21]. To achieve multi-band optical transmission,
a system configuration using wavelength conversion by OPA has
been proposed, and WDM transmission with this configuration
using triple bands of the S-, C-, and L-bands was recently
demonstrated [22]. Also, idler light is characterized by being
a phase-conjugated copy of input signal light. A method of
compensating for nonlinear distortion by performing phase con-
jugation of signal light at a relay node has been studied, namely
optical phase conjugation (OPC) [23]-[26]. A phase-sensitive
amplifier (PSA) is also one application of optical parametric am-
plification [27]-[29]. Phase-sensitive amplification is a method
of obtaining additional gain by causing coherent superposition
between signal light and idler light during the optical parametric
amplification process. With this additional coherent gain, the
PSA can realize ultra-low-noise optical amplification that is
below the 3-dB NF limit of PIAs. As described above, by using
idler light, the OPA can perform all-optical signal processing that
improves the SNR outperforming conventional limits by com-
pensating for nonlinear distortion and suppressing ASE noise.

Many researchers have demonstrated WDM transmission us-
ing the OPA. Fig. 1 shows representative demonstrations of
WDM transmission utilizing the OPA as an inline amplifier,
OPC, and PSA. The horizontal axis is the bandwidth of the
transmitted WDM signal, and the vertical axis is the throughput
claimed in the papers. An OPA with an over-100-nm wide-
amplification bandwidth has been reported many times using
measurements sweeping CW light [12], [16], [17]. However,
there have been no demonstrations of WDM fiber transmission
with simultaneous wideband optical parametric amplification
outperforming the EDFA band. Also, the symbol rate and the
modulation format of the transmitted signals were the standard
ones, and thus, only a small total throughput was shown in com-
parison with state-of-the-art WDM transmission experiments.
Recently, we demonstrated inline-amplified transmission using
PPLN-based OPA-only repeaters with an over-5-THz WDM
signal [8]. Each channel in the WDM signal was modulated with
120-Gbaud PS-36QAM in advanced formats, and a 32.8-Tbps
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total throughput was achieved. In [8], only one side of the
amplification band of the OPA was used, so it was shown that
10-THz-class inline amplification using an PPLN-based OPA
was feasible.

This paper overviews research progress made on the OPA for
WDM optical fiber transmission and describes the configura-
tions and applications of our PPLN-based OPA. In Section II,
three applications of OPA for optical communications, as in-
line amplifiers, spectral invertors, and PSAs, are explained. In
Section III, the configuration of an OPA using our 4-port PPLN
module and efforts to make OPAs polarization-independent are
described. In Section IV, we describe the first demonstration
of wideband inline-amplified transmission over 5 THz using
OPA-only repeaters [8]. In Section V, we describe inter-band
wavelength conversion using a PPLN-based OPA for multi-band
optical networks. We fabricated PPLN modules with a center
wavelength of the amplification bandwidth between C- and
S-bands and demonstrate simultaneous wavelength conversion
between the C- and S-bands.

II. APPLICATIONS OF OPTICAL PARAMETRIC AMPLIFICATION
FOR WDM TRANSMISSION

This section describes three applications of the OPA for
optical communications. Fig. 2 shows their configurations. The
same configurations are available for both fiber-based OPAs
(FOPAs) and PPLN-based OPAs. Recent research progress on
WDM transmission is overviewed.

A. Wideband Inline Amplifier

Fig. 2(a) shows the configuration of an inline OPA operated
as a PTA. One of the features of optical parametric amplification
is a wideband outperforming typical EDFAs. The amplification
bandwidth of the OPA depends on the phase-matching
characteristics in a nonlinear optical medium. To widen the
phase-matching bandwidth, an FOPA uses an optical fiber
in which the zero-dispersion wavelength is shifted and the
dispersion slope is flattened. To obtain sufficient amplification
gain, light propagation in an HNLF of a few hundred meters
is generally required. Therefore, fluctuations in the dispersion
and polarization states of the amplified light along with fiber
propagation are also important. Recently, a wideband FOPA
using a polarization-maintaining HNLF with little fluctuation
in the zero-dispersion wavelength has been demonstrated with a
bandwidth of over 170-nm bandwidth and a gain of over 10 dB
[17]. However, FOPAs have some difficulties for wideband
WDM signal amplification. In particular, the influence of
high-power pump light arranged in the same band as the
signal is significant. The high-power pump causes stimulated
Brillouin scattering (SBS) and ASE noise around the pump
[14], [32]. Therefore, the input-pump power is limited, and
a guard band is required around the wavelength of the pump
light. Because the output power of OPAs is restricted by the
pump power, it is considered that simultaneous amplification
of a wideband WDM signal with sufficient gain and power
per channel become difficult. To avoid SBS, a pump dithering
technique is often used [33]. Moreover, unnecessary FWM,
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Fig.2. Applications of OPA for optical communication and their configurations. (a) Inline amplification with full-band configuration. (b) Wavelength conversion.

(c) Optical phase conjugation with CSI configuration. (d) Phase-sensitive amplification. A¢ is center wavelength of amplification band.

which induces parametric cross-talk (PXT), occurs due to the
nonlinear interaction among WDM channels and restricts the
number and power of WDM channels [32]. A fiber design for
suppressing the unwanted FWM has been studied [34]. Recently,
a silicon nitride waveguide has attracted research attention as
a x®-based medium with a high amplification efficiency, high
integration, and resistance to unwanted nonlinear effects. An
efficient OPA with a precisely dispersion-managed long silicon
nitride waveguide has been demonstrated [20]. Although the
achieved gain is ~10 dB at present, it has the potential for high
gain operation with a low NF and negligible signal distortion.

A PPLN waveguide has a higher amplification efficiency
thanks to the high second-order nonlinearity of LiNbO3, quasi-
phase-matching (QPM), and its large light-confining effect along
the waveguide. Therefore, a sufficient amplification gain is ob-
tained with a short propagation length of few tens of millimeters.
Thus, unwanted nonlinear effects such as SBS and FWM can
be suppressed [35]. The capability of the input-pump power
is limited by photorefractive damage, which deteriorates the
condition of the QPM in accordance with the input power. To
overcome this issue, a directly bonded ZnO-doped PPLN ridge
waveguide was developed for enhancing the tolerance to the
input optical power [36]. There have been various other advances
in waveguide fabrication techniques [11], [12]. In [12], a high
chip-gain of over 30 dB and wide-amplification bandwidth
of over 14 THz were demonstrated. Although the connection
between the PPLN waveguide and the optical fiber is also an
important issue for optical communication applications, a 4-port
PPLN module described in the next section was developed [36].
Such advances have made it possible for PPLN-based OPAs
to achieve both a high gain and wideband amplification at the
same time.

Optical parametric amplification requires a reserve band for
idler light regardless of the amplification media. Therefore, sig-
nal light can be allocated in only half the amplification band of a
medium. To avoid halving the transmission band, a configuration
was developed in which the band is divided into two components
and amplified by different OPAs [37]-[39]. Fig. 2(a) shows
the full-band configuration. The input WDM signal is divided
and combined around A, which is the center wavelength for
phase-matching condition, by wavelength MUX/DeMUX filters
before and after amplification.

Using FOPA-only repeaters, inline-amplified WDM transmis-
sion over 25.2-km spans using 20-ch. 50-GHz-spaced 100-Gbps
coherent signals has been reported [30]. However, there are
no reports of wideband inline amplification using OPA-only
repeaters that exceed the EDFA band. Recently, with a PPLN-
based OPA-only repeater, we demonstrated 3 x 30-km wideband
WDM transmission using 41-ch. 120-Gbaud dual-polarized
(DP-) PS-36QAM signals over 5 THz [8]. In this demonstration,
only one side of the amplification band of the OPA was used, so
the potential for over 10-THz inline amplification was shown.
In addition, we also demonstrated 16 x 80-km transmission with
a 2-THz signal bandwidth, showing the applicability of OPA to
long-haul transmissions with a standard span length and many
inline amplifications [31].

B. Spectral Inversion

Spectral inversion is performed by extracting the idler light
generated in the optical parametric amplification process and
using it as new signal light [Fig. 2(b)]. This function can be uti-
lized for wavelength conversion [21]. A multi-band transmission
scheme was proposed with inter-band wavelength conversion
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using an OPA [22]. The WDM signals of the C-band are con-
verted to the L-band and S-band on the transmitter side, and they
are converted back to the C-band on the receiver side. With this
scheme, multi-band transmission can be implemented using only
conventional C-band transponders. The transmission of 240-ch.
200-Gbps signals over 100 nm within S-, C-, and L-bands using
only C-band transponders was demonstrated using FOPAs [22].
Furthermore, for a flexible multi-band network, a configuration
in which optical wavelength conversion is performed in optical
nodes is also being studied [40]. By once converting all signal
bands to the C-band, optical cross-connect across all signal
bands can be realized. Thus, inter-band wavelength conversion
may play an important role in the construction of multi-band
optical networks.

The wavelength-converted signal light is a phase-conjugated
copy of the original signal light. Therefore, the spectral inversion
via optical parametric amplification is also called as OPC. Using
the OPC, the effect of compensating for chromatic dispersion
(CD) and nonlinear distortion has been demonstrated [23]-[26].
An OPC isinserted in the relay node. The signal undergoes phase
rotation due to CD and nonlinear effects in the span before the
OPC. After that, the signal light is phase-conjugated by the OPC
in the relay node including the phase rotation. The phase rotation
is mitigated by propagation through a span after the OPC because
the phase rotations before and after OPC are opposite each other.
By mitigating for nonlinear distortion, OPC can relax the fiber-
input power limit and improve the SNR of the received signal.
Like the inline OPA, the OPC can also utilize a configuration
that divides the input signal light into two-band components and
converts them independently, namely complementary spectral
inversion (CSI) configuration, as shown in Fig. 2(c) [37]-[39].

For complete nonlinear compensation by OPC, the nonlinear
phase rotations before and after the OPC must match. Therefore,
the symmetry of the power map around the point where the OPC
is inserted is important. Distributed Raman amplification (DRA)
is also used to realize a symmetric power map. In long-haul
transmission with DRA, a 20% enhancement in transmission
reach by FOPA-based OPC was demonstrated with a 10-ch. 400-
Gbps signals over a 1-THz signal bandwidth [26]. A 3,840-
km transmission with an over 0.5-dB improvement in the Q*-
factor was also demonstrated with a 92-ch. 25-GHz-spaced DP-
16QAM WDM signal, which had a total net rate of 13.6 Tbps,
using PPLN-based OPC [25].

C. Phase-Sensitive Amplifier

Phase-sensitive amplification is performed by superposition
between signal and idler light during the optical parametric
amplification process. PSAs are classified into a frequency de-
generate type (D-PSA) and a non-degenerate type (ND-PSA). In
a D-PSA, signal light is arranged at A¢, and the idler component
of signal light is generated by optical parametric amplification
at the same wavelength as the signal light. As a result, the
one-phase component of noise is suppressed by the superpo-
sition of the signal and idler light, and a 0-dB NF limit can
be achieved. However, a D-PSA is usually only applicable
to single-channel amplification at Ay and can amplify only
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one-phase components. An ND-PSA has been developed for
achieving the phase-sensitive amplification of a WDM signal
and multi-level modulated signals utilizing quadrature phase
components [28]. Fig. 2(d) shows a system using the ND-PSA.
In the ND-PSA scheme, the idler light is arranged at a different
frequency as the signal light and is generated at the transmitter
side unlike the D-PSA scheme. Idler light is typically generated
by the OPC. It co-propagates with the signal light through a
transmission line and is input to the OPA. During the optical
parametric amplification process, the idler light is converted to
the same frequency as the signal light while undergoing phase
conjugation. When the relative phase between the signal, idler,
and pump light is properly synchronized, an additional gain
of 6 dB, except for the OPA’s gain, can be obtained thanks to
coherent superposition between the signal and idler light. Thus,
an effective NF of —3 dB can be achieved. Note that the NF of
the ND-PSA for the total input electrical field including the idler
lightis 0 dB like the D-PSA. The PSA can also mitigate nonlinear
phase noise induced by SPM [41] and XPM [42] thanks to
a phase regeneration effect. In practice, we have recorded a
1.0-dB NF using a low-loss pump-combiner-integrated PPLN
module [43]. To perform phase-sensitive amplification, it is
necessary for the signal, idler, and pump light to be appropriately
synchronized in their frequency arrangement and relative phase
relationship. Therefore, the frequency of pump light is stabilized
using an optical injection locking [44] or optical phase-locking
loop (PLL) [45]. To compensate for the phase drift between
signal and pump light, a PLL using a phase controller such as
a piezo-electric-transducer-based fiber stretcher is utilized. In
addition, CD compensation is required before amplification to
make the relative phase difference between the signal and idler
light uniform in the frequency domain.

So far, some WDM transmission experiments with phase-
sensitive amplifications using HNLF and PPLN have been
demonstrated. Recently, a multi-span transmission using an
FOPA as an inline phase-sensitive amplifier was demonstrated
with s single-polarized 10-Gbaud signal up to three channels
[27], [46]. Using a polarization-diverse PPLN-based OPA, sin-
gle inline phase-sensitive amplification of 16-ch. 20-Gbaud
DP-16QAM signals over a 1.6-THz signal bandwidth was
demonstrated [28]. However, to perform wider-band phase-
sensitive amplification, it is necessary to accurately compensate
for the CD generated during fiber transmission. To overcome
this problem, we proposed a method for accurately estimating
and compensating for the residual CD of the transmission link
[47]. Recently, using this proposed method, we demonstrated
80-km unrepeated transmission with a 20-ch. 96-Gbaud single-
polarized PS-64QAM WDM signal in the 2-THz signal band as
the widest bandwidth for simultaneous WDM phase-sensitive
amplification [29].

III.  CONFIGURATIONS OF OPTICAL PARAMETRIC AMPLIFIER
USING 4-PORT PPLN WAVEGUIDE MODULE

Fig. 3 shows a 4-port PPLN waveguide module we developed
for low-excessive-loss optical parametric amplification [36].
Dichroic filters for the MUX/DeMUX between the signal and
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pump light and a coupling block to the PPLN waveguide are
integrated in the module. The I/O interfaces of the module
are simple polarization-maintaining fiber pigtails. This section
describes the configuration of an OPA using the 4-port PPLN
module.

A. 2-Stage Configuration for Suppressing PXT

In a x»-based OPA, the wavelength of a pump light is half of
Ag. To obtain strong pump light, seed light at A; is amplified by
EDFA and then converted to the second harmonic (SH) by SH
generation (SHG) using a nonlinear medium. A configuration
is often utilized in which the conversion of pump light and the
optical parametric amplification of signal light are performed in
a single nonlinear optical medium [9]-[12]. However, unwanted
wavelength conversion in the PPLN waveguide causes PXT.
This conversion occurs when the harmonic light generated by
the nonlinear interaction among the wavelength components
in the signal band acts as detuned pump light. This harmonic
light is mostly generated by the strong pump light in the signal
band, and the PXT is strongly generated around A;. Therefore, a
wide guard band is required around A. To suppress the PXT, a
2-stage configuration cascading two PPLNs for SHG and optical
parametric amplification was developed [48]. Fig. 4 shows the
2-stage configuration of a PPLN-based OPA using our 4-port
PPLN module. Pump light at A¢ is amplified by the EDFA and
is then converted to SH light by SHG using a PPLN waveguide
different from that for signal amplification. The signal and SH
pump light are input to the 4-port PPLN module from different
ports, combined by a dichroic filter, and input to the PPLN
waveguide for optical parametric amplification. With this config-
uration, the PXT due to the strong pump light at A¢ is eliminated,
and guard-band-less WDM amplification can be realized. Note
that the signal cannot be arranged at A¢, at which the signal and
idler light degenerate.
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B. Polarization-Diverse Configuration

The nonlinearity in a PPLN waveguide has polarization sen-
sitivity. Also, in HNLF, the optical parametric amplification
process depends on the polarization state of the pump light. For
polarization-insensitive parametric amplification, polarization-
diverse configurations have been studied. For the FOPA, a loop
type using a single medium with bi-directional pumping was
proposed as the simplest configuration [49]. However, back-
propagated light caused by SBS is amplified with counter pump
light, causing gain fluctuations and unnecessary interference
components [50]. To overcome this issue, a loop type with an in-
dependent medium for each orthogonal polarization component
has been studied [51]. In this configuration, pump light propagat-
ing in opposition does not exist in the medium, and the rotation
of the polarization states of signal light between amplification
media prevents the amplification of back-propagated light. Thus,
the generation of unwanted components can be suppressed. Each
polarization component takes amplification in one medium and
loss in another. To suppress NF deterioration, it is desirable for
signal light to pass through the amplification medium first, but
it has been reported that excessive nonlinear distortion occurs
when an amplified signal passes through the loss medium [51].
A parallel-type configuration like a Mach-Zehnder interferom-
eter is less susceptible to back-propagated light and does not
generate excessive nonlinear optical effects and loss. However,
to suppress polarization-mode dispersion (PMD) in the OPA, it
is necessary to accurately align the optical path lengths of both
arms using an optical delay line [52].

For the PPLN-based OPA, loop-type and parallel-type
polarization-diverse configurations with two media have been
also studied. Although back-propagated light caused by SBS is
sufficiently small, reflected light is generated at the edge of the
waveguide. Fig. 5 shows two configurations using 4-port PPLN
modules. These configurations are basically the same even
when using FOPAs. The 2-stage PPLN-based OPA has fewer
unwanted nonlinear effects, and signal light can pass through
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the loss medium without distortion even if it passes through the
amplification medium first. Thus, the loop type can be adopted
without excessive NF deterioration and signal distortion [53].
However, the transmission loss in a PPLN waveguide acted as
a loss medium reduces the total gain. Therefore, in cases where
a high gain is required, such as the inline OPA, we have used
the parallel type [8], [28]. The loop type, in which the optical
path lengths between the two-polarization components match
perfectly, is effective for the purpose of optical signal processing
that does not require much gain such as OPC.

IV. FUNDAMENTAL DEMONSTRATION OF 10-THZ INLINE
PPLN-BASED OPTICAL PARAMETRIC AMPLIFIER

This section describes a fundamental demonstration of inline-
amplified transmission using a 10-THz PPLN-based OPA-only
repeater [8].

A. Gain Characteristics of PPLN-Based OPA

For polarization-insensitive optical parametric amplification,
we used a parallel-type polarization-diverse configuration using
four PPLN waveguides with a 1545.32-nm center wavelength for
QPM. The length of the PPLN waveguides in the 4-port modules
was 45 mm. The core size and length of the PPLN waveguides for
the SHG modules were designed for achieving a watt-class SH
output power, and those for the 4-port modules were designed for
a high amplification efficiency. One of the features of the OPA is
that it can track sudden changes in signal power thanks to its fast
response time. This characteristic is important for optical trans-
port networks with add/drop/switch for the wavelength channel.
‘We measured the gain transient effect of our PPLN-based OPA to
compare it with an EDFA. CW light at 1550.32 nm was input to
the polarization-diverse OPA or the EDFA via an optical shutter
driven by a 1-kHz rectangular pulse with a 75% duty cycle.
After suppressing ASE noise with an optical BPF with a 1-nm
bandwidth, output light from the OPA or the EDFA was received
by a photodetector, and its time-based waveform was measured
by an oscilloscope. The input CW light was —10 dBm, and the
gain of the OPA and the EDFA was set to 15 dB. The CW light
was distributed to both arms in the polarization-diverse OPA
using a polarization controller. Fig. 6 shows the measurement
results. For the amplification by the EDFA, it was confirmed that
the gain surged upward due to the sudden input of the CW light.
In comparison, for the amplification by the OPA, fluctuation
in the gain could not be confirmed. Both the signal and idler
components had the same characteristic. This is because the
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Fig. 7. Gain and NF spectra of our polarization-diverse PPLN-based OPA

measured by sweeping CW light with and without detuning of waveguide
temperature.

EDFA response is on the millisecond scale, while the optical
parametric amplification process response is on the femtosecond
scale. This result suggests that the OPA is effective in flexible
optical networks with frequent channel add/drop.

The amplification bandwidth of optical parametric amplifica-
tion depends on the phase-matching conditions of the medium.
The phase-matching condition can be adjusted to some extent
by controlling the temperature of the medium. Under optimal
phase-matching conditions, a flat amplification band is obtained
around the center wavelength of phase matching. As the temper-
ature is detuned from the optimum conditions, the gain outside
the amplification band increases or decreases. The gain near
the center wavelength decreases when the outer gain increases,
but the amplification bandwidth that achieves the required gain
can be extended. The recirculating loop for an inline-amplified
transmission experiment described in the next part required an
>15-dB gain. We performed temperature detuning to obtain a
15-dB gain over a 10-THz bandwidth. Fig. 7 shows the gain
and NF spectra of our polarization-diverse PPLN-based OPA
before and after temperature detuning as measured by sweeping
CW light from 1492 to 1600 nm at a —25-dBm input. The input
power of the SH pump light to each 4-port PPLN module was
~1 W, and the input power of the pump light to the PPLN
for SHG was ~2 W. The gain and NF were calculated by
measuring the input and output spectra of the OPA with an
optical spectrum analyzer (OSA) method [54]. By temperature
detuning, the bandwidth with an over 15-dB gain was extended
from 7.02 THz to 10.54 THz. The NF did not change before and
after detuning and was around 5 dB. In the polarization-diverse
configuration of the OPA, a polarization dependent gain (PDG)
can occur due to the difference in amplification characteristics
between the two-amplification media. Fig. 8 shows the output
spectrum of each polarization arm, which indicated a PDG
spectrum. The input light was unpolarized ASE light from
1545.82 to 1587.25 nm (5.125-THz bandwidth). The input ASE
light was generated by combining ASE light from C-band and
L-band EDFAs, rectangularly shaped by an optical equalizer
(OEQ), and acted as a 125-GHz-spaced 41-channel WDM sig-
nal [55]. The amplified spectrum of each arm was measured
at a polarization-beam combiner output by disconnecting the
other arm. The measured results showed that the two 4-port
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PPLN modules had almost the same amplification characteris-
tics. The PDG of our polarization-diverse OPA was less than
0.5 dB.

B. 41-ch. 120-Gbaud DP-PS-36QAM WDM Transmission
Over 3x30-km PSCF Link

Fig. 9 shows the experimental setup for demonstrating inline-
amplified transmission using OPA-only repeaters. We utilized
a bandwidth loading method using ASE light to emulate the
WDM signal [55]. A 125-GHz-spaced 41-channel WDM signal
was emulated with the 5.125-THz ASE light used in the previous
part. A channel under test (CUT) was modulated at 120 Gbaud
using an I/Q modulator (IQM) driven by bandwidth-doubler-
based high-speed digital-to-analog converters [56]. The modu-
lation format of the CUT was DP-PS-36QAM with an entropy of
4.435 bits/polarization. Assuming 1.64% pilot-signal insertion,
the net data rate was 800 Gbps/ch. with a normalized generalized
mutual information (NGMI) threshold of 0.857 [57]. Polariza-
tion multiplexing was performed by a polarization-division-
multiplexing emulator (PDME) with a 75-ns decorrelation delay.
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After amplification with either a C- or L-band EDFA according
to the CUT’s wavelength, the CUT was optically equalized to
enhance the high-frequency component [58] and eliminate ASE
noise simultaneously. ASE light was rectangularly hollowed out
around the wavelength of the CUT with a 125-GHz bandwidth
using an OEQ and was then combined with the CUT. A WDM
signal consisting of ASE light and the CUT was input to the
re-circulating loop. We swept the wavelength of the CUT and
measured all 41 channels. The transmission line consisted of
a recirculating loop using a 30.8-km G.654.E pure-silica-core
fiber (PSCF) with a 125-um? effective area, loop-synchronous
polarization scrambler, optical switches, an idler blocker, and the
polarization-diverse PPLN-based OPA. The OPA compensated
for the losses of the transmission fiber (5.6 dB at 1550 nm),
the idler blocker (5.5 dB), and other loop components, over
10.25 THz. The transmission fiber length in the loop was mainly
restricted by the insertion loss of the idler blocker, which played
the role of MUX/DeMUX filters in the full-band configuration.
In the first lap, the OPA played the role of a post-amplifier and
wavelength convertor, and the idler light of the launched WDM
signal was generated from 1505.55 to 1544.82 nm. The idler
blocker passed the band within 1505.55-1544.82 nm, that is,
the idler light generated in the first lap was used as a transmit
signal. The band of the transmit light through the 30.8-km PSCF
was always 10.25 THz (1505.55-1587.25 nm) including idler
light. We set the total input power to —5 dBm for the OPA.
Therefore, the averaged fiber-input power was —6 dBm/ch. At
the receiver side, the CUT was amplified with a rare earth-doped
fiber amplifier in accordance with its wavelength. EDFAs were
used for the C- and L-bands, and a thulium-doped fiber am-
plifier (TDFA) was used for the S-band. The CUT was then
detected by a polarization-diverse coherent receiver after it was
extracted by a BPF. The received signal was digitized using
analog-digital convertors at 200 samples/s with a 70-GHz band-
width and demodulated offline using a pilot-aided adaptation
algorithm. After frontend error correction with a fixed linear
equalizer, the CD was compensated for by frequency domain
equalization. Signal equalization was performed with a complex
8x2 adaptive equalizer [1]. The adaptive filter in offline DSP
was pre-converged by the data-aided least-mean square (LMS)
algorithm. Then, the data tracking of the adaptive filter was
performed by a decision-directed LMS algorithm and pilot-aided
LMS algorithm utilizing a pilot symbol periodically inserted into
the data. We also demodulated the idler light generated in the
final lap.

Fig. 10 shows the optical spectra at the input of the loop and the
output of the fiber at each lap. In these spectra, the measurement
signal was inserted at 1553.3 nm. By increasing the number of
laps, the outside of the spectra was slightly raised due to the
non-flat gain profile with temperature detuning. The maximum
number of laps was set to three because there was no gain-
flattening filter in the loop to maintain the flatness of the WDM
signal. Fig. 11 shows the NGMI of all channels after 92.4-km
transmission. The NGMI of all 41 channels in each optical band
was better than the threshold of 0.857. The NGMI dependence
on wavelength was caused by the gain and NF characteristics of
the optical amplifiers in the transmitter and receiver. The other
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reason was the wavelength dependence of components in the
coherent receiver such as 90-degree hybrids and photodiodes.
These results indicate that 5.125-THz inline-amplified transmis-
sion with our PPLN-based OPA can be achieved. In addition,
by implementing the full-band configuration with an additional
polarization-diverse OPA, the transmission bandwidth can be
potentially extended to 10.25 THz across S-, C-, and L-bands
well beyond the EDFA band. The small gain transient effect
and wide-amplification bandwidth show that PPLN-based OPAs
are promising as inline amplifiers for future optical transport
networks that offer flexible utilization of abundant wavelength
resources.

V. SIMULTANEOUS INTER-BAND WAVELENGTH CONVERSION
USING PPLN-BASED OPA

For multi-band WDM networks, we fabricated 4-port PPLN
modules with a 1527.99-nm center wavelength for the QPM
which is on the border between the C- and S-bands. We demon-
strate inter-band wavelength conversion using the OPA with
these modules. The simultaneous conversion of the transmission
band is useful for constructing a multi-band optical network
utilizing conventional C-band components [22], [40].

Fig. 12 shows the power saturation characteristic of the 4-
port PPLN module. The input was CW light at 1545 nm. The
gain of the PPLN module and input SH pump power were
set to 16 dB and 1.1 W, respectively. The linear line indicates
the in-out performance without gain saturation. The saturation
output power with a gain reduction of 0.5 dB was 24.9 dBm.
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No characteristic difference was observed between the signal
and idler light. Next, we show simultaneous transmission band
conversion between the C- and S-bands by amplifying C-band
ASE light. Fig. 13 shows the experimental setup. The input
light to the OPA was single-polarized 4-THz C-band ASE light
(1528.38-1560.20 nm) at an optical power of 5 dBm. Fig. 14
shows the spectrum amplified by the OPA. It was confirmed
that the input ASE light was copied in the S-band (1497.09—
1527.60 nm). Conversion efficiency flatness in the idler band
was within &1 dB. This result demonstrated the function of
our PPLN-based OPA as a simultaneous inter-band wavelength
convertor between C- and S-bands.

We conducted an experiment on the conversion of a modulated
signal using the parallel-type polarization-diverse configuration.
Using our OPA, we converted the C-band signal to the S-band
and then back to the C-band (C-S-C conversion). The C-S-
C converted signal was measured 50 times while scrambling
the polarization in order to show that our polarization-diverse
configuration is polarization-independent. Fig. 15 shows the
experimental setup. A CUT at 1545.73 nm in the C-band was
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diverse PPLN-based OPA with 64-Gbaud DP-16QAM signal.

modulated with 64-Gbaud DP-16QAM and was input to a po-
larization scrambler after being amplified by a C-band EDFA.
Then, the CUT was entered into the first polarization-diverse
OPA and was converted to 1512.58 nm in the S-band as idler
light. Only the idler component was extracted by a BPF and was
entered into a second OPA. The CUT was returned to its original
wavelength of 1545.73 nm and received by the coherent receiver
via the C-band EDFA and the BPF. The input power of the CUT
to each OPA was —5 dBm and —13 dBm, and the conversion
efficiency of each OPA was —1.5 dB and 0 dB, respectively. The
power of SH pump light input to each 4-port PPLN module was
~200 mW, and the power of the pump light at 1527.99 nm input
to PPLN for SHG was ~500 mW. The polarization scrambler
and the coherent receiver were synchronized by a trigger signal
from a pulse pattern generator (PPG), and 50 measurements
were performed while randomly modulating the polarization
state of the CUT. The signal quality was evaluated by calculating
the SNR after symbol decision. The results were compared
with a no-conversion case. Fig. 16 shows the measurement
results for each polarization component. In the no-conversion
case, the standard deviations in SNR were 0.157 and 0.144
for each polarization. In the case with C-S-C conversion, the
standard deviations of SNR were 0.158 and 0.142 for each
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polarization. If there were a gain difference between orthogonal
polarization components and a PMD due to a delay mismatch
in the polarization-diverse OPA, the fluctuation of the signal
quality due to the polarization scramble should increase. This
result indicates that our OPA was able to perform inter-band
wavelength conversion without significant signal degradation
due to impairment between polarization components.

VI. CONCLUSION

We reviewed recent research developments in the application
of OPAs to wideband WDM transmission. OPAs have various
functions, such as a wideband inline amplifier, wavelength
converter, fiber-nonlinearity compensation, and phase-sensitive
amplification, and their applications to multi-band WDM trans-
mission is being studied. We introduced our research progress on
WDM optical transmission using our PPLN-based OPA, that is,
10-THz-class inline amplification and simultaneous inter-band
wavelength conversion. As reviewed above, the PPLN-based
OPA has become applicable to practical optical communications
through the progress of device technology that achieves both a
wide-amplification bandwidth and high gain. It will be a key
device for wideband and high-throughput WDM transmission
in the future.
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