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Abstract—A periodically poled LiNbO3 (PPLN)-based phase-
sensitive amplifier (PSA) has the potential of ultra-low-noise and
high-gain optical amplification. For the wideband operation of
PSAs in optical fiber transmission, the chromatic dispersion (CD)
that causes gain ripples is required to be compensated at the PSA
input. We proposed a method to accurately estimate CD from
the gain characteristic of a PSA. Estimated CD can be compen-
sated by feed backing it to a spatial light modulator-based CD
controller. This paper demonstrates a 2-THz wavelength-division
multiplexing (WDM) single-span transmission using a PPLN-based
PSA with CD pre-equalization based on our proposed method.
The 20-channel WDM signal was modulated with single-polarized
96-Gbaud PS-64QAM, and its net data rate was 400 Gbps/channel.
2-THz signal bandwidth (4-THz bandwidth including an idler
band) was the widest bandwidth in the fiber transmission using
the PSA. We also discuss the system design of phase-sensitively
amplified links for a high-symbol-rate and wideband WDM signal.

Index Terms—Chromatic dispersion, optical fiber communi-
cation, phase-sensitive amplification.

I. INTRODUCTION

FOR the demand on future client signals, the generation and
transmission of a high-speed optical channel attracts much

research attention in optical fiber transmission. Wavelength-
division multiplexing (WDM) transmissions using 1-Tbps-class
optical channels with higher-order and over-100-Gbaud modu-
lation have been demonstrated [1], [2]. For higher-order mod-
ulation formats, high signal-to-noise ratio (SNR) is required.
The SNR in optical fiber transmission is mainly defined by
the propagation loss of the transmission fiber, launched optical
power, and amplified spontaneous emission (ASE) noise from
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optical amplifiers. Although an increase of the launched optical
power improves optical SNR (OSNR), nonlinear optical effects
in optical fibers such as the Ker effect become apparent with
the high launched optical power. Self-phase modulation (SPM)
and cross-phase modulation (XPM) caused by the Ker effect
induce the nonlinear signal distortion, and the resulting received
SNR is degraded in spite of OSNR improvement. Due to this
launched power limitation, the noise figure (NF) improvement
of optical amplifiers and fiber-nonlinearity mitigation are impor-
tant research subjects for further enhancement of transmission
throughput and reach. An erbium-doped fiber amplifier (EDFA)
has been widely used in deployed WDM transmission systems.
However, conventional amplifiers including an EDFA are clas-
sified as phase-insensitive amplifiers (PIAs), which have a 3-dB
NF limit. The noise improvement of EDFAs has progressed to
near this theoretical limit (e.g., [3]), and so there is not much
room for improvement of the NF.

A phase-sensitive amplifier (PSA) based on optical parametric
amplification (OPA) using highly nonlinear media has attracted
research attention as an ultra-low-noise optical amplifier that
breaks the theoretical NF limit of PIAs [4], [5]. In addition,
the PSA can mitigate nonlinear signal distortion thanks to its
phase regeneration effect [6], [7]. During the OPA process, a
phase-conjugated light, namely idler light, is generated while
amplifying the signal light. Coherent superposition between
signal and idler light causes the phase-sensitive amplification.
To amplify a WDM and higher-order quadrature-amplitude
modulation (QAM) signal, a frequency-non-degenerate PSA
(ND-PSA) can be used [5]–[9]. In the ND-PSA scheme, the idler
light is generated on a transmitter side at a different frequency
from the signal light beforehand and co-propagates through the
transmission link with the signal light. The generation of the
idler light can be performed by electrical [10] or optical methods
[5]–[9]. The optical method using an optical phase conjugator
(OPC) that utilizes OPA is effective for simultaneously gen-
erating the idler light of a wideband WDM signal. The idler
light is converted to the same frequency as the signal light with
phase-conjugation in the OPA process. When the phase and
frequency relationship between the signal, idler, and pump light
is optimal, the coherent superposition between the signal and
idler light provides a gain of 6 dB in addition to the OPA gain.
Thus, the effective NF limit of ND-PSAs reaches −3 dB for the
signal band. Highly nonlinear fibers (HNLFs) and periodically
poled LiNbO3 (PPLN) waveguides are typically used as highly
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efficient OPA media. PPLN-based OPA has the potential of a
wideband, high-gain, and low NF [11]–[15].

A number of demonstrations for applying PSAs to optical
communications have been reported with HNLF- and PPLN-
based OPAs [5]–[11]. Simultaneous WDM phase-sensitive
amplification of 1.1 THz [16] and 1.6 THz [8] were shown
using HNLFs and PPLNs, respectively. Although the OPA
has a wide-amplification bandwidth, the phase-sensitive
amplification bandwidth is limited due to the chromatic
dispersion (CD) generated with fiber propagation that causes a
gain ripple for PSAs [17]. For optimal coherent superposition
for all signal-idler pairs in a WDM signal, the relative phase
must be uniform over the entire band. Therefore, the CD that
causes the relative phase difference must be compensated
at the PSA input. In the aforementioned demonstrations, a
dispersion-managed link with a reverse-dispersion fiber (RDF)
and a dispersion-compensation module (DCM) were utilized.
To achieve further wideband phase-sensitive amplification, it
is necessary to measure and compensate for any slight residual
CD left on the transmission link.

We proposed a method to accurately estimate CD from the
gain characteristic of PSA and experimentally showed a proof
of concept [18]. Recently, an 80-km single-span transmission of
a 2-THz WDM signal with the PPLN-based PSA supported by
our proposed method was reported as a demonstration of the
widest-band simultaneous phase-sensitive amplification [19].
The 20-channel WDM signal was modulated with 96-Gbaud
probabilistically shaped (PS-) 64QAM, and its net data rate was
400 Gbps/channel. An 8-Tbps total throughput was achieved,
and it was the first application of 100-Gbaud-class WDM signal
for the PSA. This paper describes the details of our work [19].
We discuss the design of the single-span transmission system
with phase-sensitive amplification of high-speed channels and a
wideband WDM signal.

II. SYSTEM DESIGN FOR PHASE-SENSITIVE AMPLIFICATION OF

WIDEBAND AND HIGH-SYMBOL-RATE WDM SIGNAL

Fig. 1 shows a single-span transmission system with the OPC-
PSA scheme. An OPC using OPA can simultaneous generate the
idler light of each WDM channel with a single pump light. In
the OPC stage, the gain from OPA is generated at the same time
as the idler generation, so it can also work as a post-amplifier. If
the output of OPA is less than the required fiber-launched power,
additional amplification can be performed using other optical
amplifiers in the OPC stage. The pump light in the PSA stage
needs to be synchronized with the carrier component of each
signal-idler pair. The signal-idler pairs generated by an OPA-
based OPC have a common carrier component derived from
the shared pump light. Therefore, the pump light used in the
PSA stage should be synchronized with that used in the OPC
stage. To synchronize the pump light, some techniques such as
an optical injection locking (OIL) with a pilot light [20] or an
optical phase-locking loop (PLL) with carrier recovery using
sum-frequency generation [21] have been proposed. To achieve
the wideband coherent superposition between signal-idler pairs,
DCM accurately compensates for the CD. In addition, relative

Fig. 1. Schematic and power diagrams of OPC-PSA scheme using optical
injection locking with pilot light for pump synchronization. Pin, PTx, and PRx

indicate link-launched power, input power to post-amplifier, and input power
to pre-amplifier, respectively. Gpost indicates gain of post-amplifier including
OPC in transmitter side. Tlink indicates transmission loss in dispersion-managed
link. Gpre indicates gain of pre-amplifier including PSA in receiver side. Tadd

indicates additional attenuation from PTx due to Tlink and determines the
amount of noise decorrelation.

phase drift between the signal carrier and synchronized pump
light must be compensated using a PLL with a phase shifter
such as a piezoelectric transducer-based fiber stretcher (PZT)
for stable coherent superposition between the signal-idler pairs.

This section describes the system design strategy for the
phase-sensitive amplification of a high-symbol-rate and wide-
band signal using the OPC-PSA scheme. We clarify the applica-
tion range of a PSA as an ultra-low-noise amplifier with respect
to symbol rate and achievable information rate (AIR). Also, with
numerical simulations, we investigate the impact of accuracy of
a dispersion-managed link and the frequency resolution of a
precise DCM on amplified signal quality.

A. Noise Decorrelation for High-Symbol-Rate Signal

Fig. 1 shows the transition of optical signal power in the
transmission system. In a single-span transmission using a
phase-sensitive pre-amplifier, a fiber loss design is important for
directly reflecting the low-noise property of the PSA in improv-
ing the received signal quality [22]. The noise generated in the
transmitter has a correlation between the signal and idler light.
Such correlated noise is phase-sensitively amplified with the
PSA in the same way as with the signal light. To take advantage
of the phase-sensitive pre-amplifier, the noise decorrelation that
sufficiently attenuates the correlated noise is required.

Assuming that the launched optical power per frequency re-
quired to achieve a certain spectral efficiency is Pf, the launched
channel power with a symbol rate of B is expressed as

Pin = B · Pf (1)



SHIMIZU et al.: WIDEBAND PPLN-BASED PHASE-SENSITIVELY AMPLIFIED TRANSMISSION OF 20-CHANNEL 96-GBAUD WDM SIGNAL 5469

A gain of a post-amplifier at the transmitter required to achieve
this optical power is expressed as

Gpost =
P in

PTx
(2)

where PTx is the minimum power before post-amplification.
The minimum power is mainly determined by the output power
of a continuous wave (CW) light source and loss of an optical
modulator. For the OPC-PSA scheme, Gpost also includes a gain
of the OPC. The average power per frequency of the ASE noise
output from the post-amplifier part is expressed as

Npost = αpost (Gpost − 1)hν (3)

where αpost is the NF of the post-amplifier, h is a Plank
constant, and ν is a frequency. After fiber transmission and
pre-amplification, ASE noise per frequency is expressed as

Ntotal = GpreTlinkαpost (Gpost − 1)hν + αpre (Gpre − 1)hν
(4)

where Gpre is the gain of the pre-amplifier, Tlink is the prop-
agation loss of a transmission link, and αpre is the NF of the
pre-amplifier. The ratio of the total ASE noise between two cases
of pre-amplification by PSA and that by PIA is

Nratio =
GpreTlinkαpost (Gpost − 1) + αPSA (Gpre − 1)

GpreTlinkαpost (Gpost − 1) + αPIA (Gpre − 1)
(5)

where αPSA and αPIA are the NF of PSA and PIA, respectively.
For simplicity, assuming that Gpre = Tlink

−1 and αpost = αPIA,

Nratio =
αPIA (Gpost − 1) + αPSA (Gpre − 1)

αPIA (Gpost − 1) + αPIA (Gpre − 1)
(6)

Nratio also represents the amount of improvement in effective
NF when PIA is replaced with PSA. Thus, the effective NF of
PSA used as a pre-amplifier is expressed as

αeff =
αPIA (Gpost − 1) + αPSA (Gpre − 1)

αPIA (Gpost − 1) + αPIA (Gpre − 1)
· αPIA (7)

It can be seen that the effect of PSA on the received signal
requires a sufficiently large loss, that is, long propagation dis-
tance, in the transmission link. The effective NF of PSA can
be estimated quantitatively by using the additional attenuation
from PTx contained in Tlink, which is defined as

Tadd ≡ Gpost

Gpre

=
B · Pf · Tlink

PTx
(8)

Namely, Tadd represents the ratio of received signal power
via the transmission link to PTx. Using Tadd, αeff is
expressed as

αeff ≈ αPIA + αPSA · T−1
add

αPIA + αPIA · T−1
add

· αPIA when Gpost,Gpre � 1 (9)

Figure 2 shows the effective NF of PSA as a function of Tadd
−1

assuming ideal noise performance of amplifiers that αPIA = 3
dB and αPSA =−3 dB. With an additional attenuation of 20 dB,
sufficient noise decorrelation is performed, and an effective NF

Fig. 2. Effective NF of phase-sensitive pre-amplifier in single-span transmis-
sion system as a function of additional attenuation in transmission link.

of about −2.9 dB can be achieved. That is, it is suggested that
PSA is effective on sufficiently long transmission links with a
large transmission loss that satisfy Tadd

−1 > 20 dB. Pf is a
parameter that depends on Tlink, so there is a trade-off relation-
ship between the spectral efficiency and Tlink. The application
range where a PSA is effective can be expanded if the Gpost

can be made small by increasing the minimum optical power
in the transmitter; that is, a PSA will function effectively even
with a small link loss (short propagation distance). However,
there are limits for the output of the light source and the loss of
the optical modulator. Therefore, as the symbol rate increases,
the low received power per frequency is required for the noise
decorrelation, and the application range of a PSA in spectral
efficiency is limited. Fig. 3 shows an example of the application
range of an ND-PSA in spectral efficiency. The symbol-rate
dependence of AIR is calculated assuming Tadd

−1 = 20 dB,
where a PSA operates with sufficiently low noise. The minimum
power in the transmitter determines the SNR of the received
signal at Tadd

−1 = 20 dB. αPIA and αPSA were set to 4.5 dB,
and−1.5 dB. It is assumed that the noise of the received signal is
sufficiently dominated by the ASE noise from the pre-amplifier
(i.e., the PSA in Fig. 1), and thus, AIR was calculated as

AIR = log2

(
1 +

Tadd · PTx

αhνB

)
(10)

where α is the NF of the pre-amplifier. For a polarization-
division multiplexing (PDM) signal, AIR was also
calculated as

AIRPDM = 2log2

(
1 +

Tadd · PTx

2αhνB

)
(11)

The higher the symbol rate of the signal, the narrower the
range of the information rate of the signal in which low-noise
property of PSAs is effective. To expand the application range
of PSAs for channel throughput, a high-power light source and
a low-loss optical modulator are important technologies.
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Fig. 3. Maximum achievable information rate (AIR) assuming Tadd
−1 =

20 dB as functions of minimum power in transmitter and symbol rate (a) for
single-polarized signal and (b) for polarization-division multiplexed signal.

B. Impact of Resolution in Residual CD Compensation on
Wideband Signal

The gain spectrum of a PSA depends on the amount of CD
in the transmission link. The CD causes the phase difference
between the signal and idler light, resulting in a gain ripple.
Therefore, in the phase-sensitively amplified link, dispersion
management is required. A fiber Bragg grating (FBG) and an
RDF are effective for wideband analog CD compensation. How-
ever, a simultaneous wideband CD compensation by the FBG
causes phase ripples that prevent a broad coherent superposition
between a signal-idler pair. Wideband precise CD compensation
including higher-order CDs is difficult for the RDF. In addition,
although one of the operational requirements of the PSA link is
the ability to handle slight changes in the CD (e.g., caused by the
connection of fiber-patch codes and changes in environmental
temperature), adaptive and precise CD compensation using these
methods is difficult. A spectral shaper using a spatial light
modulator (SLM), such as a wavelength selective switch, can
adaptively and precisely control the CD over a wideband [23],

and a PSA link configuration that accurately measures the slight
residual CD and compensates for it with an SLM have been
proposed [18]. Because the control range of a CD is limited
by the frequency resolution and the modulation depth of the
SLM, large CDs must be roughly compensated using RDF
or FBG apart from the compensation by the SLM. The SLM
compensates for the slight residual CD including higher-order
characteristics of the rough compensation. However, the com-
pensation of the residual CD by the SLM is discrete and includes
a quantization error. The farther the signal-idler pair is from
the center frequency, the greater the effect of the quantized CD
compensation. We investigate the impact of the resolution of
an SLM and the amount of the discrete compensation on signal
quality after phase-sensitive amplification.

The gain of PSAs depends on the relative phase relationship
between the signal and pump light [24]:

G = GIcos
2 (Δφ) +

1

GI
sin2 (Δφ) (12)

where Δφ is the phase difference between the signal and pump
light and GI is the gain of the in-phase component, which means
the maximum gain of the PSA. WhenΔφ= nπ (n= …,−1, 0, 1,
…), the signal light is amplified with G=GI. WhenΔφ= nπ/2,
the signal light is de-amplified with G = 1/GI. For the phase-
sensitive signal amplification, Δφ is controlled using a PLL so
that G = GI. With the residual CD, Δφ depends on frequency;
that is, the gain spectrum is affected by a ripple as follows [17]:

Gsp (f) = GIcos
2 [Δφ (f)] +

1

GI
sin2 [Δφ (f)] (13)

Considering up to the second-order term of CD, Δφ(f) is
expressed as

Δφ (f) =
πDc

f2
0

(f − f0)
2 (14)

where D is the residual CD, c is the speed of light, and f0 is
the center frequency in the phase-matching of the amplification
medium. In the ND-PSA, a PLL monitors an optical channel
arranged at a different frequency from f0. Because the frequency
that serves as a reference for the relative phase is that monitored
by the PLL, the gain spectrum is modified as follows [18]:

Gsp (f) = GIcos
2 [Δφ (f)− θ] +

1

GI
sin2 [Δφ (f)− θ] (15)

θ =
πDc

f2
0

(f0 − fPLL)
2 (16)

where fPLL is a frequency monitored by the PLL. According to
Eq. (15), the CD produces a gain ripple. When an optical channel
undergoes a gain ripple, the signal quality deteriorates due to a
passband-narrowing-like effect [18].

When compensating for the CD using an SLM, the signal
light is diffracted with a grating before irradiating an SLM.
Then, an SLM performs phase modulation on each frequency
component. An SLM typically has a square pixel structure, and
the phase modulation for the signal light is quantized on the
spectrum with a finite resolution. Because the relative phase
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Fig. 4. Simulation model for investigating impact of SLM quantization error
on signal quality after phase-sensitive amplification. φlink(f) is the amount
of phase modulation caused by residual CD in transmission link, φSLM(f) is
the amount of phase modulation provided by SLM, and ( )∗ indicates phase
conjugation.

variation due to the CD becomes steep in the frequency com-
ponent far from f0, it is greatly affected by this quantization.
The amount of residual CD after CD management with the
fiber configuration is also an important parameter. The greater
the contribution of the SLM in CD compensation, the greater
the quantization error. We performed numerical simulations to
investigate the impact of the frequency resolution of an SLM
on signal quality. Fig. 4 shows the simulation model. The signal
and idler light were calculated independently and were finally
added together to simulate phase-sensitive amplification. f0,
which is the reference frequency for the phase difference due
to CD, was set to 194.0 THz. The signal modulation formats
were 32- or 96-Gbaud 16QAMs. The over sampling rate of the
signal in the time domain was 4 sample/symbol. The frequency
differenceΔf between f0 and the signal was set to 1 or 2 THz. The
signal and idler light were arranged at 194.0−Δf and 194.0+Δf,
respectively, and were given the CD of Dlink that simulated
the residual CD in the dispersion-managed transmission link.
The amount of phase modulation φlink(f) caused by Dlink was
calculated on the basis of frequency arrangement. The phase
modulation was applied in the Fourier domain by performing
a fast Fourier transform on the time samples of the signal and
idler light. Then, their CDs were compensated by the SLM.
The amount of phase modulation provided by the SLM φSLM(f)
was the quantized value of −φlink(f) with a predetermined
resolution. After the CD compensation, the signal and idler light
were combined with additive white Gaussian noise (AWGN),
respectively. The amount of AWGN was set so that the SNR after
signal demodulation was ∼16 dB when CD compensation was
completely performed. Finally, the signal light was combined
with the idler light, down-sampled to twice the symbol rate, and
demodulated with a 1 × 1 adaptive equalizer (AEQ) updated
by a decision-directed least-mean-square (DD-LMS) algorithm.
The frequency resolution of the SLM was changed from 0 to 10
GHz in 0.1-GHz increments. The Dlink in the transmission link
was changed from 0 to 10 ps/nm in 0.2-ps/nm increments. The
frequency step of analysis area in the Fourier domain was set to
0.1 MHz, regardless of symbol rates. The penalty for the signal
quality due to the resolution in CD compensation and residual
CD in a transmission link was evaluated by the SNR calculated
from the variance of the signal constellations after demodulation.
Only simulations with positive CDs were performed. The gain

spectrum with negative CDs is the same as those with positive
CDs, and thus, the penalties are the same with the same absolute
values.

Fig. 5 shows the simulation results indicating SNR penalty.
It can be confirmed that the coarser the resolution of the SLM,
the more accurately the analog CD management with the fiber
configuration needs to be performed. In addition, the farther the
channel was from f0, that is, the wider the bandwidth of the
WDM signal, the more accurate analog CD management was
required. For channels with the same frequency arrangement,
the contours of 0.2-dB penalty do not differ much depending
on the symbol rate. Gain ripples do not always occur when a
phase jump occurs due to the quantization error of the SLM.
Because the impact of the phase jump on the gain spectrum
were averaged for wider-band signals, the contours of 96-Gbaud
signals were smoother than those of 32-Gbaud signals. This
means that high-symbol-rate signals are robust to fluctuations
of CD and a pump frequency. The resolution of the SLM we
used in the transmission experiments in the next section was 1
GHz. For channels 1-THz away from f0, the SNR penalty was
∼0.1 dB even with a residual CD over 10 ps/nm. However, for
channels 2-THz away from f0, <7.0-ps/nm residual CD was
required to suppress the SNR penalty within 0.2 dB. Residual
CD should be sufficiently reduced using analog DCMs such as
the RDF and FBG, on the basis of the acceptable SNR penalties.

III. 80-KM SINGLE-SPAN TRANSMISSION OF 20-CHANNEL

96-GBAUD WDM WITH 2-THZ PPLN-BASED PSA

To demonstrate the wideband phase-sensitive amplification
with high-symbol-rate signals, we conducted an 80-km single-
span transmission with a 20-channel 96-Gbaud WDM signal.
We used PPLN waveguides as OPA media, which had an am-
plification bandwidth over 10 THz [11]. This section shows
this demonstration based on the system design discussed in the
previous section.

A. Experimental Setup

Fig. 6 shows the experimental setup for an 80-km single-span
transmission using a PPLN-based ND-PSA with a 20-channel
WDM signal. The WDM signal was modulated with 96-Gbaud
single-polarized (SP-) PS-64QAM that has the same shaping
factor as Ref. [1]. WDM channels were densely allocated in a
100-GHz grid from 191.95 to 193.95 THz (1545.72–1561.82
nm). The precise CD pre-compensation was performed by
liquid-crystal on silicon (LCOS)-based SLM with a 1-GHz
frequency resolution. The phase-matching frequency of our
PPLN waveguides was 194.0 THz (1545.32 nm). OPA using
PPLN waveguides requires a second-harmonic (SH) pump light.
To obtain the strong second-harmonic pump light, it is effective
to amplify the CW light at f0 with C-band EDFA and then
convert it with second-harmonic generation (SHG). We utilized
a 2-stage configuration using different PPLN waveguides for
SHG and OPA to suppress the parametric cross-talk [25]. The
frequency synchronization of the pump light was conducted by
an OIL using a co-transmitted pilot light.
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Fig. 5. SNR penalty versus resolution of SLM (vertical axis) and residual CD in transmission link (horizontal axis). Contours are drawn at 0.2-dB intervals.
Filled area in upper right of each graph means a penalty of >4.0 dB. (a) 32-Gbaud 16QAM signal 1-THz away from f0, (b) 96-Gbaud 16QAM signal 1-THz away
from f0, (c) 32-Gbaud 16QAM signal 2-THz away from f0, and (d) 96-Gbaud 16QAM signal 2-THz away from f0.

Fig. 6. Experimental setup of 80-km single-span transmission of 20-channel 96-Gbaud PS-64QAM signals with 2-THz PPLN-based PSA. The green frames
represent the components used in the PSA and EDFA cases. LD: laser diode, IQM: I/Q modulator, SLM: spatial light modulator, LO: local oscillator, BPF: band-pass
filter, VOA: variable optical attenuator, PC: polarization controller, PBS: polarization-beam splitter, PM: phase modulator, PZT: piezoelectric transducer-based
fiber stretcher.
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Fig. 7. Spectra of propagation loss and residual CD in 80-km dispersion-
managed transmission link measured by dispersion analyzer. Plots indicate
measured CD values and a line indicates polynomial approximation.

20 tunable lasers with 100-GHz spacing from 192.0 to 193.9
THz were used as the CW light sources of WDM interference
channels. The interference channels were simultaneously mod-
ulated by an I/Q modulator (IQM) and decorrelated using a
20-km single mode fiber (SMF). For a channel under test (CUT),
an external cavity laser (ECL) with a ∼10-kHz linewidth was
used as a CW light source. The IQMs were driven by a 120-
Gsample/s arbitrary waveform generator and modulated CW
light with Nyquist-pulse-shaped 96-Gbaud PS-64QAM with a
roll-off factor of 0.03. The minimum power of the CUT in
the transmitter was −15 dBm at the output of the IQM. The
CUT and the interference channels were combined by a 2 × 1
coupler. All channel measurements were conducted by sweeping
the frequency of the ECL. The WDM signal was first input to
the OPC stage for idler light generation. The signal-idler pairs
were simultaneously generated by OPA with a gain of 12 dB
using a single free-running pump light and then passed through
the SLM for CD pre-compensation. The local oscillator (LO)
driven at 194.0 THz with ∼5-kHz linewidth was divided using
a 3-dB coupler as the pump light in the OPC stage and the pilot
light for the OIL. The pump light was amplified by a C-band
EDFA and then converted to a SH pump by the SHG. The pilot
light was inserted into the WDM signal using a WDM coupler
after the SLM.

The WDM signal and the pilot light was launched to an
80-km CD-managed transmission link at −14.3 dBm/channel
and −18.0 dBm, respectively. The transmission link consisted
of a 56.7-km SMF and a 23.6-km RDF. Before input to the
pre-amplification stage (PSA/EDFA or EDFA/EDFA), only the
transverse magnetic (TM) polarization component of the signal
light was extracted with the polarization controllers (PCs) at both
ends of the transmission link and a polarization-beam splitter
(PBS) because PPLN waveguides have polarization sensitivity.
The PCs were adjusted so that the optical power in the monitor
port of the PBS was the lowest. Then, the pilot light was extracted
using a WDM coupler. Fig. 7 shows frequency dependence of
propagation loss and the CD of the dispersion-managed link as
measured by a dispersion analyzer. The propagation loss of this
link was from−20 to−19 dB. The difference in propagation loss
between each signal-idler pair was pre-equalized in the SLM. To
reflect the low-noise property of the PSA in the signal quality,
it was necessary to set the PSA input power to be less than
−35 dBm/channel assuming Tadd

−1 = 20 dB. Due to the loss
of the transmission link and each component, the input power

of the PSA stage was <−35 dBm/channel The RDF widely
compensated for the CD including higher-order terms, and the
residual CD was from −2 to −1 ps/nm. From the discussion
in Section II-B, a 1-GHz frequency resolution of the SLM
can perform CD compensation without deterioration of signal
quality over 2 THz.

In the PSA stage, the phase-sensitive amplification was per-
formed using a frequency-stabilized pump light. The frequency
stabilization was performed with the OIL using the pilot light.
The pilot light was amplified by the polarization-maintaining
EDFA and was input to the slave LO via an optical circulator
at −15 dBm. The slave LO had a ∼800-kHz linewidth without
the OIL. The relative phase drift between the signal and pump
light was compensated by a PZT-based PLL (PZT-PLL). A
phase modulator (PM) was used for modulating a 1-MHz dither
signal for the PZT-PLL. The PZT-PLL monitored a 10% tapped
channel at 193.5 THz as the locking frequency. The gain of
the PSA stage was ∼20 dB for all channels. To evaluate the
noise performance of the PSA, an experiment was conducted in
which the PSA stage, shown in the green frame in Fig. 6 (after
the WDM coupler), was replaced with an EDFA (typical NF =
4.8 dB) operating at the same gain as the PSA. In the EDFA
case, we used the same transmitter configuration including the
OPC stage as in the PSA case, except for the phase modulation
in the SLM, although these are really not required. Under our
experimental conditions, the noise from the pre-amplification
was sufficiently dominant, so the noise from the OPC stage did
not affect the noise performance. Note that, the WDM coupler
was not needed for the EDFA case, and thus its loss (∼0.5 dB)
was a disadvantage in the EDFA case.

The CUT was extracted after pre-amplification using
PSA/EDFA or EDFA/EDFA. The extracted CUT was received
by a dual-polarization coherent receiver consisting of an op-
tical 90-degree hybrid and four 70-GHz balanced photode-
tectors. The input optical power of the CUT to the receiver
was strong enough, so there was no performance degradation
due to the polarization-diversity detection of a single-polarized
signal. After digitization using a 200-Gsample/s digital storage
oscilloscope, the received signal was demodulated in offline
digital signal processing on the basis of complex 8 × 1 AEQ
[1]. The AEQ was pre-converged with training symbols. The
tracking mode of the AEQ utilized the DD-LMS algorithm
and pilot-aided LMS algorithm using periodically inserted pilot
symbols. The signal qualities were evaluated by calculating
their normalized generalized mutual information (NGMI) and
SNR on the basis of the variance of the signal from desired
symbols. Fig. 8 shows the OSNR dependence of the SNR after
the demodulation expressing saturation characteristics of Tx/Rx
in back-to-back transmission. We assumed that the forward error
correction (FEC) threshold of the NGMI was 0.857 with a net
data rate of 404.72 Gbps/channel and a spectral efficiency of
4.2158 bit/Hz.

B. Precise CD Compensation

Fig. 9 shows the spectrum of the WDM signal after an 80-
km transmission and phase-sensitive pre-amplification without
CD pre-compensation by the SLM. It was confirmed that the
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Fig. 8. OSNR dependence of SNR after signal demodulation in 96-Gbaud
SP-PS-64QAM signal.

Fig. 9. Spectrum of WDM signal and its idler amplified by PSA without CD
pre-compensation.

spectrum suffered from a gain ripple due to the slight resid-
ual CD in our dispersion-managed link. For accurate residual
CD compensation using the SLM, we proposed a residual CD
estimation method utilizing Eq. (15) [18]. Amplification and
de-amplification points in the spectrum indicated the residual
local CD around each point. Because a phase-sensitively am-
plified spectrum is very sensitive for a slight CD, a residual
CD in the transmission link can be estimated accurately by
measuring the output spectrum of a PSA. With the residual
CD, amplification peaks and de-amplification peaks occurred
in the output spectrum of a PSA at frequencies corresponded to
Δφ(f) = nπ and Δφ(f) = nπ/2, respectively. By measuring the
frequencies of these peaks, the residual CD around the peaks
can be calculated as follows:

D =
f2
0

c
(
B2

m − (f0 − fPLL)
2
)m (17)

D =
f2
0

2c
(
B2

m − (f0 − fPLL)
2
)m (18)

where Bm is the bandwidth between f0 and the mth (de-
)amplification peak. Equations (17) and (18) are the cases using
amplification and de-amplification peaks, respectively. By feed-
ing back the estimated CD to a SLM, the residual CD of the
system can be accurately compensated, and wideband phase-
sensitive amplification can be achieved. Using Eqs. (17) and
(18), we estimated the residual CD distribution in the frequency
domain. As shown in Fig. 5, there was a slope in the CD of the
transmission link. Therefore, it was not the exact amount of CD
that was estimated, but the accurate relative phase difference

Fig. 10. Calculated relative phase difference with respect to 194.0 THz.

Fig. 11. Spectra of 20-channel 96-Gbaud WDM signal pre-amplified by PSA
and EDFA.

between each signal-idler pair superposed by OPA. Fig. 10
shows the estimated relative phase difference with respect to
194 THz. The averaged residual CD was +0.334 ps/nm. The
CD between each point was linearly interpolated. The change
from the CD in the transmission link shown in Fig. 7 was due to
fiber-patch codes. On the basis of the calculated relative phase
difference, we controlled the phase modulation amount of the
SLM and performed CD pre-compensation.

C. Results and Discussion

Fig. 11 shows the signal spectra pre-amplified by the PSA and
the EDFA. The input spectrum was measured at the PBS input.
The wideband phase-sensitive amplification over 4 THz includ-
ing the idler band without gain ripples was performed thanks to
the accurate CD compensation. The differences in noise floor
between each pre-amplified spectrum were 8.1 dB at 191.5 THz
and 8.8 dB around 194.0 THz. The PPLN-based PSA output
TM-polarized ASE noise whereas the EDFA output unpolarized
ASE noise. Therefore, there was a 3-dB difference in the noise
floor on the measured spectrum. Considering this apparent noise
difference, actual OSNR improvements by replacing the EDFA
with the PSA were estimated to be about 5.1–5.8 dB depending
on the frequency.

Fig. 12 shows the NGMI, SNR, and constellation diagrams
of the received 20 WDM channels. In the EDFA-only case,
NGMI did not exceed the FEC threshold for a net data rate of
404.72 Gbps due to the low-input power. In contrast, NGMI of
all channels exceeded the threshold in the PSA case thanks to the
OSNR improvements. From this result, an 8-Tbps (20 ch. × 400
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Fig. 12. Received signal characteristics. FEC threshold of NGMI was 0.857.
(a) NGMI and (b) SNR of 20-ch. 96-Gbaud SP-PS-64QAM signals. Constella-
tion diagrams of (b) ch.1 and (c) ch.20.

Fig. 13. ΔSNR characteristic indicates SNR improvement amount by replac-
ing EDFA with PSA in each channel.

Gbps) transmission with the ND-PSA was successfully demon-
strated. Fig. 13 shows the ΔSNR characteristics, which are the
differences in SNR between the PSA/EDFA and EDFA/EDFA
cases. The highest ΔSNR was 5.7 dB at ch.16 (193.5 THz).
An OSNR improvement of ∼6.0 dB was estimated approxi-
mately from the OSNR-SNR characteristics of Tx/Rx shown in
Fig. 8. As ch.16 was the locking point of the PZT-PLL, stable
phase-sensitive amplification was performed. ΔSNR tended to

decrease as the distance from the center frequency increased.
The ΔSNR at ch. 1 was 3.4 dB, and estimated OSNR improve-
ment was ∼3.5 dB. One of the reasons for this is a mismatch of
the polarization states between the signal and idler light [26]. We
attempted to extract only the TM polarization with PCs, but it
was difficult to perfectly match the random polarization rotation
in the transmission fibers between the distant signals and idlers.

As previously mentioned, we have demonstrated an ultra-low-
noise pre-amplification over 2 THz using a PPLN-based PSA.
However, the launched optical power is low in our experiments.
Although high fiber-launched power causes the nonlinear distor-
tion induced by the optical Ker effect, PSA can provide mitiga-
tion of such distortion as well as low-noise amplification [6], [7].
Further benefits of wideband PSA will be evaluated by long-haul
transmission experiments with longer dispersion-compensated
transmission lines that can satisfy Tadd

−1 < 20 dB even with
high-launched optical power.

IV. CONCLUSION

We clarified a system design for a single-span transmission
with phase-sensitive amplification of a high-symbol-rate and
wideband WDM signal. To extend the effective range of PSAs,
it is important to keep the OSNR of the signal light output from
the post-amplifier high. A high-power light source and low-loss
optical modulator are key technologies. In addition, we showed
the impact of the quantization error in CD compensation on
amplified signal quality. To extend the effective amplification
band, it is necessary to apply analog CD compensation so that
the residual CD is less than the specified value. We showed
in numerical simulations that the residual CD needs to be <7
ps/nm to achieve a 2-THz signal amplification band when using
a 1-GHz-resolution DCM.

On the basis of the aforementioned discussion, we demon-
strated an 80-km single-span transmission of 20-channel 96-
Gbaud SP-PS-64QAM signals using PPLN-based OPA modules
as the PSA. Low-noise phase-sensitive amplification outper-
forming an EDFA was achieved over a 2-THz signal band thanks
to the dispersion-management design in the transmission link.
The transmission with a net data rate of 8 Tbps (20 × 400
Gbps/λ) was successful under a condition that could not be
achieved by using an EDFA-only receiver.
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