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Abstract—A phase-sensitive amplifier (PSA) has the potential of
low-noise optical amplification and nonlinear phase noise mitiga-
tion. For PSA operation, the chromatic dispersion (CD) that causes
gain ripple must be compensated before amplification. We propose
an accurate CD estimation method for non-degenerate PSAs (ND-
PSAs). We experimentally demonstrated its effectiveness by using
periodically poled LiNbO3 waveguides as amplification mediums.
We first modified the conventional formula for the gain spectrum
under residual CD conditions to be applicable to ND-PSAs by con-
sidering phase locking. We then experimentally described the effect
of passband narrowing due to the gain ripple on the signal quality
using a probabilistically shaped 64QAM signal. Furthermore, we
applied the modified formula to CD estimation and compensation.
As a result, accurate CD estimation on the sub-ps/nm order and
gain-flattened spectrum over 3.5 THz were demonstrated with our
method. We also propose a method for estimating residual CD
from the gain variation among wavelength division multiplexing
(WDM) channels. The possibility of adaptive compensation for CD
was shown by carrying out WDM amplification.

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

I. INTRODUCTION

O PTICAL transport networks using wavelength division
multiplexing (WDM) have been widely deployed. High-

capacity transmission has been demonstrated using higher-order
modulation formats and additional transmission bands [1]. The
multi-level of the modulation is restricted by the optical signal-
to-noise ratio (OSNR). Therefore, it is important to enhance the
OSNR for improving transmission capacity with more advanced
modulation formats. In repeated-amplification transmission, the
OSNR is restricted by the fiber loss and the noise figure (NF)
of optical amplifiers. The NF is determined from the amount
of amplified spontaneous emission (ASE) noise from optical
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amplifiers. Typical amplifiers, such as erbium-doped fiber ampli-
fiers (EDFAs) and Raman amplifiers, are classified as phase-in-
sensitive amplifiers (PIAs). The NF of PIAs is always more than
3 dB due to the standard quantum limit (SQL) [2]. To relatively
suppress the ASE noise, it is effective to enhance the fiber-input
power of the signal light. However, the increase in input power
causes waveform distortion due to unwanted nonlinear optical
effects in fibers [3].

Toward further high-capacity optical networks, phase-
sensitive amplifiers (PSAs) have attracted much attention be-
cause of their potential for low-noise amplification [4] and
nonlinear phase noise mitigation including self-phase and cross-
phase modulation [5]–[7]. Phase-sensitive amplification is car-
ried out by optical parametric amplification (OPA) in nonlinear
mediums, such as periodically poled LiNbO3 (PPLN) [8], [9]
and highly nonlinear fiber (HNLF) [10], [11], and can theoret-
ically achieve an NF of 0 dB by amplifying only one of the
quadrature phase components of the input light. There are two
types of PSAs depending on the difference in frequency relation
between the signal and idler lights (phase-conjugated signal
lights), namely degenerate PSAs (D-PSAs) and non-degenerate
PSAs (ND-PSAs). In a D-PSA, the input light to the amplifier
is only the signal light, and the idler light at the same frequency
as the signal is generated in the amplification medium. A D-
PSA can typically be applied to single-channel amplification at
the degenerate frequency and 1-bit modulation format such as
BPSK. On the other hand, an ND-PSA requires both the signal
and idler lights at different frequencies as the input lights to the
amplifier. An ND-PSA can be applied for multichannel signals
[12] and arbitrary modulation formats involving higher-order
QAM [13]. Therefore, an ND-PSA has high affinity to WDM
transmission systems with advanced modulation formats. An
ND-PSA requires idler lights co-propagating with signal lights
in transmission fibers. Thus, the effective NF of ND-PSAs can
reach−3 dB because of the frequency-diversity effect. Recently,
WDM amplification and an SNR advantage of around 5 dB
compared with EDFAs have been demonstrated using PPLN
waveguides and HNLFs [14]–[16]. The potential of ND-PSAs
as inline amplifiers has also been demonstrated [17].

One of the most important problems we face in actual PSAs
is the effect of chromatic dispersion (CD) on the gain spectrum.
CD causes phase variation of signals in the frequency domain.
This phase variation induces gain ripple because the gain of
PSAs depends on the phase relation between signal and pump
lights. Thus, CD generated in transmission fibers and optical
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components needs to be compensated to enable phase-sensitive
amplification. In previous studies, CD was compensated using
dispersion compensating modules (DCMs) such as dispersion-
compensating fibers and fiber-Bragg gratings [14], [15], [17].
However, it is necessary to provide more accurate CD compensa-
tion for wideband phase-sensitive amplification. As mentioned
above, CD tolerance and accurate compensation are important
factors in designing a transmission system using PSAs. CD
tolerance in a D-PSA has been investigated [18]. Although that
in an ND-PSA was also reported [19], the impact of CD during
propagation in transmission fibers after idler generation has not
been studied in detail. In a transmission system using PSAs as
inline amplifiers, the residual CD during co-propagation with
idlers determines the gain characteristic.

In our previous work, we investigated the impact of residual
CD on signal quality and proposed a method estimating the
residual CD from gain spectrum of ASE light [20]. In this
paper, we discuss that work in more detail regarding the cor-
respondence between theory and experiment and propose an-
other CD estimation method using gain variation among WDM
channels. This method can adaptively track CD variation due
to environmental factors such as temperature fluctuation. Both
methods target a slight residual CD which cannot be completely
compensated with conventional methods. We conducted exper-
iments to evaluate its effectiveness by using PPLN-based OPA
modules. These methods are described by theoretically defining
the effect of residual CD on ND-PSAs. In Section II, we present
the theoretical gain ripple of an ND-PSA by modifying the
conventional formula for D-PSAs under residual CD conditions.
In Section III, we experimentally describe the effect of passband
narrowing due to gain ripple on the signal quality using an
advanced modulation format, probabilistically shaped 64QAM
(PS-64QAM), with two symbol rates of 5 and 20 Gbaud. In
Section IV, we present and experimentally demonstrate our
method estimating residual CD by measuring the gain spectrum
of PSAs. We also present residual CD estimation method using
the gain variation among WDM channels toward adaptive CD
compensation. We conducted a fundamental demonstration of
this proposed method through an WDM-amplification experi-
ment and show the detailed characteristics of estimation accu-
racy through numerical simulations.

II. GAIN SPECTRUM OF NON-DEGENERATE PSA

For accurate CD estimation, it is important to clarify the gain
characteristics of PSAs with respect to CD. The operation of
PSA requires phase locking between pump and signal lights.
The conventional gain-spectrum formula for D-PSAs cannot be
applied to ND-PSAs due to this phase locking. In this section, we
describe the difference in gain spectrum between D-PSAs and
ND-PSAs, and derive the theoretical gain spectrum of ND-PSAs
under residual CD.

A. Theoretical Gain Spectrum Considering Phase Locking

The gain of PSAs G depends on the phase difference Δφ be-
tween the input and pump lights [21]:

G = GIcos
2 (Δφ) +

1

GI
sin2 (Δφ) , (1)

where GI is the gain of in-phase components, which means
the maximum gain of the PSA. The gain repeats amplification
and de-amplification every Δφ of π/2. For the phase-sensitive
amplification of the signal, Δφ must be adequately controlled
using a phase locking loop (PLL).

Under residual CD, Δφ depends on frequency. Therefore, the
gain also depends on frequency, resulting in gain ripple. The
rippled gain spectrum Gsp(f) is expressed as [18]

Gsp (f) = GIcos
2 [Δφ (f)] +

1

GI
sin2 [Δφ (f)] . (2)

Ignoring the 3rd and higher order dispersion term, Δφ(f) is
expressed as

Δφ (f) =
πDc

f2
0

(f − f0)
2, (3)

where D is the residual CD affecting the gain characteristics, c is
the velocity of light, and f0 is the fundamental frequency in the
phase-matching of the amplification medium and is the center
frequency of the signal in a D-PSA. Each frequency component
after a PSA has the same phase as the pump light thanks to phase
regeneration of the PSA. Therefore, the residual CD, which
affects the amplification characteristics, means the CD between
PSA repeaters. Equation (2) is based on the assumption that
Δφ (f0) = nπ (n is an integer). This assumption is correct in
the case of D-PSAs because a PLL is used for maximizing the
gain of the signal component at f0 by adjusting the relative phase
between the signal and pump lights. However, in an ND-PSA,
the PLL monitors the signal-frequency component differently
from f0. Therefore, we modify the gain-spectrum formula to
also support ND-PSAs by considering the PLL operation. Note
that, for simultaneous amplification of WDM signals, a PLL
requires the monitoring of only one arbitrary channel because
the optical phase conjugator (OPC) for idler creation ensures
that all signal-idler pairs have the same phase relations.

A PLL maximizes the gain of a monitored channel; thus, Δφ
= nπ at the PLL-target frequency fPLL. Under this assumption,
the gain spectrum is modified as

Gsp (f) = GIcos
2 [Δφ (f)− θ] +

1

GI
sin2 [Δφ (f)− θ] , (4)

θ =
πDc

f2
0

Δf2, (5)

where Δf is the bandwidth between f0 and fPLL. For example,
Fig. 1 shows the gain spectrum calculated using Eqs. (2) and
(4) with GI = 20 dB, f0 = 193.0 THz, and D = 0.7 ps/nm.
The cases of fPLL = 193.0 THz (D-PSA scheme) and fPLL =
193.5 THz (ND-PSA scheme) are shown in Figs. 1 (a) and (b),
respectively. It was confirmed that the gain spectrum in an ND-
PSA differs from that in a D-PSA because of the difference in
fPLL. The 193.5-THz component is amplified at a 20-dB gain in
an ND-PSA but not in a D-PSA. The fPLL component is always
amplified at GI regardless of the amount of residual CD because
of PLL operation.

B. Experimental Validation

To validate Eq. (4), we measured the gain spectrum of a PSA
in two cases, i.e., continuous wave (CW) light at f1 (193.0 THz)
and at f2 (194.0 THz), as the monitored channels of the PLL.
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Fig. 1. Gain spectra of PSAs with Gin = 20 dB, f0 = 193.0 THz, and D =
0.7 ps/nm. (a) D-PSA (fPLL = 193.0 THz). (b) ND-PSA (fPLL = 193.5 THz).

The f0 of the nonlinear mediums was 193.0 THz (=f1); hence,
the amplification for fPLL = f1 was carried out for the D-PSA.
Fig. 2 shows the experimental setup. To measure the broad
gain spectrum of a PSA, we used ASE light having symmetric
phase-conjugated correlation as input to the PSA. PPLN waveg-
uides were used as nonlinear mediums. The detailed operation
of each module is described in a previous study [22]. The OPC
stage generated the idler in PPLN1 by using a second harmonics
(SH) pump. The SH pump was generated from a local oscillator
(LO1) at 193.0 THz by SH generation (SHG) in the PPLN2.
The OPC also generated ASE light simultaneously, and this
ASE light had symmetric phase-conjugated correlation centered
on f0, like a signal-idler pair. The light then passed through a
20-m polarization-maintaining fiber (PMF), which acted as a
dispersion medium, and was input to the PSA stage. The SH
pump for the PSA was generated using LO2 and PPLN4, as with
the OPC stage. The carrier recovery and frequency locking of
LO2 were carried out using a sum-frequency-generation- (SFG-)
assisted optical PLL (OPLL) [23]. We used a piezoelectric-
transducer-based PLL (PZT-PLL) to compensate for the relative
phase drifts between the signal and SH pump. The PZT-PLL
monitored the power of the output signal at fPLL extracted with
a band-pass filter (BPF) with 60-GHz bandwidth and maximized
the measured power by controlling the relative phase. The OPLL
and PZT-PLL used the signal light tapped using a 10% coupler.
The gain of the PSA was 23 dB, and the output spectrum was
observed using the optical spectrum analyzer (OSA) with 0.1-nm
resolution. The amplified ASE spectrum corresponded to the
gain spectrum of the PSA because each frequency component
in the ASE was phase-sensitive amplified thanks to symmetric
phase correlation.

Fig. 3 shows the spectrum after the OPC stage in the ND-
PSA scheme. The ASE spectrum monotonically increased by
about 0.5 dB from 191.2 to 194.8 THz. Signal and idler were
almost the same power of −6.0 dBm, and the ASE floor was
−52.5 dBm around 193.0 THz, on the OSA. Fig. 4 shows the
measured spectra after a D-PSA and an ND-PSA. The gain ripple

caused by residual CD was confirmed. The residual CD in this
setup was estimated to be 0.68 ps/nm by comparing the output
spectrum in the D-PSA scheme and conventional formula, Eq.
(2) [Fig. 3(a)]. By deforming Eq. (2), the residual CD affecting
the gain spectrum can be expressed as

D =
f0

2

cB2
, (6)

where B is the bandwidth between f0 and first peak (Δφ = π)
of gain spectrum in a D-PSA. The gain spectrum in the case of
phase locking for f2 was in good agreement with the theoretical
spectrum calculated using the modified formula, i.e., Eq. (4),
with 0.68-ps/nm CD [Fig. 4(b)]. Thus, it was confirmed that
Eq. (4) is a generalized formula for the gain spectrum of PSAs
considering PLL operation.

III. IMPACT OF RESIDUAL CD ON SIGNAL QUALITY

As described above, the channel at fPLL is always amplified
regardless of residual CD thanks to the PLL. However, the signal
quality is degraded due to passband narrowing if the bandwidth
of the gain spectrum around fPLL is narrower than the signal
bandwidth. The signal bandwidth and gain bandwidth depend
on the symbol rate and Δf, respectively. We experimentally
investigated that the CD tolerance in an ND-PSA for a single
channel depends on the symbol rate and Δf.

The configurations of the OPC and PSA stages were the
same as the setup in Fig. 2. The CW light was modulated to
single-polarized PS-64QAM with entropy of 5.0 bits by using
an I-Q modulator (IQM). The roll-off factor of Nyquist spectral
shaping was 0.1. The symbol rates were set to 20 and 5 Gbaud,
and the center frequencies of the channels were 194.0 and 193.1
THz, at which Δf were 1 THz and 100 GHz, respectively. The
residual CDs were induced using cascaded PMFs with various
lengths and were varied between 0.92–11.58 ps/nm. The residual
CD of each setup was measured using Eq. (6) for the D-PSA with
a CW light. The OSNR at the output of the PSA was adjusted
to about 23 dB regardless of PMF lengths and symbol rates
by using a variable optical attenuator (VOA). The output signals
were received using a coherent receiver and demodulated offline
using a data-aided algorithm, and signal qualities were evaluated
using normalized generalized mutual information (NGMI). We
also conducted numerical simulations for each experimental
condition.

Fig. 5 shows the NGMI dependence on residual CD, sym-
bol rates, and Δf. At 194.0 THz, the 20-Gbaud signal rapidly
degraded from about 2 ps/nm, and its constellation with a
3.17-ps/nm CD was unclear from inter-symbol interference due
to passband narrowing. The tolerance with an NGMI penalty
of 0.1 was enhanced to about 9 ps/nm for the 5-Gbaud signal
because of its narrower bandwidth. The 193.1-THz channel
had high CD tolerance because its frequency was in a band
with gradual gain variation. The experimental results almost
corresponded to the simulation results but were worse because
the PLL was unstable due to passband narrowing. These results
indicate that, for single-channel transmission, more accurate CD
compensation is required for a high symbol-rate signal, and the
channel frequency should be close to f0.
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Fig. 2. Experimental setup for measuring gain spectrum; LD: laser diode, LO: local oscillator, DM: dispersion medium, PMF: polarization-maintaining fiber,
BPF: band-pass filter, PZT: piezoelectric transducer, OPLL: optical PLL, PD: photodiode, OSA: optical spectrum analyzer.

Fig. 3. Spectrum after OPC stage in ND-PSA scheme.

Fig. 4. Experimental spectra and theoretical gain spectra with 0.68-ps/nm CD.
Prominent peaks indicate input CW light and its idler light for PLL operation.
(a) D-PSA scheme. (b) ND-PSA scheme.

Fig. 6 shows the amplified spectra for 20- and 5-Gbaud signal
at 194.0 THz under residual CD conditions. Theoretical gain
spectra are also shown in these figures. The signal spectra with
0.92-ps/nm CD indicated the transmit spectra [Fig. 6(a), (d)].
The 20-Gbaud signal with 2.81-ps/nm CD was affected by pass-
band narrowing which is the 3-dB bandwidth of about 11 GHz,
and gained a large NGMI penalty of about 0.2 [Fig. 6(b)]. On the
other hand, the 5-Gbaud signal with the same CD was maintained
the transmit spectrum [Fig. 6(e)]. The 20-Gbaud signal with
8.07-ps/nm CD was shaped in the form of a gain ripple, and the

Fig. 5. NGMI as function of residual CD for each symbol rate andΔf. Plots and
lines indicate experimental and simulation results, respectively. Constellations
are for 0.92- and 3.17-ps/nm CD in 20-Gbaud signal at 194.0 THz.

5-Gbaud signal with the same CD was also affected by passband
narrowing [Fig. 6(c), (f)]. The signal spectra with passband
narrowing were in good agreement with forms of theoretical
gain spectra under corresponding CD conditions in all cases.

IV. CD ESTIMATION METHOD FROM GAIN CHARACTERISTICS

Flat bandwidth in the gain spectrum is important for simul-
taneous amplification of wideband WDM signals. To extend
the amplification bandwidth, residual CD must be accurately
estimated and compensated. However, CD estimation is difficult
because the CD affecting the gain spectrum is a partial CD
between PSA repeaters and must be compensated for every
repeater. This is because the output signal from PSAs does
not have phase variation in the frequency domain due to the
phase regeneration of PSAs. Moreover, compensation accuracy
degrades if the points of CD estimation and amplification are
different. The compensation accuracy requires a sub-ps/nm or-
der as mentioned above. In this section, we present our proposed
methods of estimating residual CD accurately by measuring the
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Fig. 6. Spectra of amplified signal 1-THz away from f0. and theoretical gain
spectra. (a) 20-Gbaud signal with 0.92-ps/nm CD. (b) 20-Gbaud signal with
2.81-ps/nm CD. (c) 20-Gbaud signal with 8.07-ps/nm CD. (d) 5-Gbaud signal
with 0.92-ps/nm CD. (e) 5-Gbaud signal with 2.81-ps/nm CD. (f) 5-Gbaud signal
with 8.07-ps/nm CD.

Fig. 7. Diagram of proposed CD estimation method in measured gain spec-
trum.

gain characteristics. The variation in PSA gain is very sensitive
to CD. Therefore, only CD that actually affects amplification
can be accurately estimated by comparing the obtained gain
characteristics and theoretical formula, i.e., Eq. (4). With our
methods, it is assumed that large CD is compensated up to ps/nm
by the dispersion-compensating optical link, and a slight residual
CD is targeted.

A. CD Estimation From Gain Spectrum

Residual CD from gain spectrum can be estimated by measur-
ing marked frequencies such as peaks in the gain spectrum. We
discussed our method of residual CD estimation for D-PSAs
by measuring the peak in Section II. In this subsection, we
expand this estimation method for any PSA, including ND-PSA
by deforming Eq. (4). Fig. 7 shows a diagram of this method.
Considering PLL operation, the phase at frequencies of the peaks
in the gain spectrum indicate that Δφ(f) − θ = nπ (n is an
integer). By using the bandwidth Bm between the arbitral peak
at fa and f0, the residual CD is calculated as

D =
f2
0

c (B2
m −Δf2)

(m+ 1) , (7)

Fig. 8. Measured gain spectra with and without CD compensation.

where m is the number of peaks between the peaks at fPLL and
fa. The phase difference between components at fa and fPLL is
(m + 1) π. For simplicity, we ignored 3rd and higher order CD.
If the 3rd-order CD strongly affects PSA performance and needs
to be compensated, it can be calculated as the slope of 2nd-order
residual CD estimated using some peaks in the gain spectrum.

To evaluate this method, we conducted an experiment on CD
compensation. The gain spectrum was obtained using the same
method and setup described in Section II. The frequency of the
CW was set to 194.0 THz (=fPLL). We compensated for residual
CD by phase modulation in the frequency domain with an optical
programmable filter based on spatial light modulator (SLM)
after the OPC stage. The SLM modulated the phase of input
light in frequency domain, and its resolution was 0.1 GHz. The
CD control range of the SLM was −25 to +25 ps. The amount
of phase modulation fed back to the SLM at each frequency
was calculated according to the estimated CD. Fig. 8 shows the
measured spectra with and without CD compensation of 0.92
ps/nm. We used the peak around 193.57 THz (m = 4) for the
CD estimation. With different m from 0 to 6, CD was estimated
to be 0.92 ± 0.005 ps/nm. By CD compensation, the flat gain
spectrum within 1 dB was observed over 3.5 THz, which was
the bandwidth of the SLM. From this spectrum and Eq. (4),
the compensation reduced the residual CD to less than 0.02
ps/nm. This result suggests that broad WDM amplification can
be attained by estimating residual CD, which affects PSA gain,
then compensating for it on the order of sub-ps/nm. Note that, a
highly resolved spectrum will be needed for estimating higher
CD because the ripple becomes finer.

We also carried out simultaneous amplification of 10-WDM
channels, which were in a 100-GHz grid in the range of 193.1–
194.0 THz, with CD compensation. The experimental setup is
shown in Fig. 9. The 10-WDM CW lights were modulated to
single-polarized 20-Gbaud PS-64QAM by using an IQM. The
input power to the PSA was set to −35 dBm per channel. The
signals were tapped using a 10% coupler before the PSA stage,
and Ch. 1 at 193.1 THz and its idler channel at 192.9 THz were
extracted using BPF1 for SFG-assisted OPLL. The signals were
also tapped after the PSA stage, and Ch. 1 was extracted using
BPF2 for PZT-PLL. In an ideal situation without residual CD,
phase locking can be carried out by monitoring one arbitrary
channel because signal-idler pairs are simultaneously generated
by shared pump light in the OPC stage. The demodulation
target channel was selectively extracted from amplified WDM
signals by using BPF3. The residual CD was 0.92 ps/nm because



SHIMIZU et al.: ACCURATE ESTIMATION OF CHROMATIC DISPERSION FOR NON-DEGENERATE PHASE-SENSITIVE AMPLIFICATION 29

Fig. 9. Experimental setup for WDM amplification.

Fig. 10. WDM spectra with 20-Gbaud PS-64QAM. (a) PSA-input spectrum.
(b) Amplified spectrum and theoretical gain spectrum without CD compensation.
(c) Amplified spectrum with CD compensation using value estimated from gain
spectrum.

the setup from the OPC stage to the PSA stage was the same
configuration as in the experiment in previous paragraph.

Fig. 10 shows the input and output spectra of a PSA with
and without CD compensation. The spectrum variation among
the input WDM signals was within 1.3 dB [Fig. 10(a)]. In the
amplified spectrum without CD compensation, a gain difference
larger than 10 dB was observed, and the gain variation was
in good agreement with the form of theoretical gain spectrum
calculated using Eq. (4) [Fig. 10(b)]. The spectrum variation was
suppressed to within 2 dB by compensating for CD [Fig. 10(c)].
Fig. 11 shows the channel dependence of the NGMI. Several
channels maintained good quality while gain ripple degraded
other channels in the case of without CD compensation. Al-
though Ch. 8 at 193.8 THz appeared to be strongly amplified, its
NGMI degraded due to passband narrowing. Although Ch. 9 at

Fig. 11. NGMI characteristics for each channel.

193.9 THz was also allocated near the edge of the passband, it
was confirmed that passband narrowing did not occur according
to the NGMI characteristics. This is because Ch. 9 was closer
to the center of the passband than Ch. 8. Meanwhile, flat NGMI
performance was achieved across all channels by compensating
for residual CD using the proposed CD estimation method.
It was confirmed that wideband WDM amplification without
signal deterioration is possible by accurately estimating and
compensating for residual CD.

B. CD Estimation From Gain Variation Among WDM
Channels

To compensate for CD constantly, adaptive compensation is
necessary because CD varies with the environment of the fiber
such along with temperature [24]. Although the variation of CD
due to temperature variation is slight, it can generate a significant
gain ripple in PSAs. Therefore, CD monitoring is required in
service. However, the method described in Section IV-A is
unstable for real-time monitoring since it requires a broad ASE
light for CD estimation. In this subsection, we discuss our other
proposed CD estimation method using the gain variation among
WDM channels. The gain of each channel can be obtained
by measuring the input and output powers of PSAs. A PSA
supported by PLLs requires tapping signals before and after
amplification for synchronization between signals and a pump
light. Therefore, PSA gain measurement can be implemented
naturally.

This method uses the gain ratio GR among WDM channels.
The GR is expressed as

GR ≡ Ga

GPLL
, (8)

where GPLL and Ga are the gain of the channel at fPLL and
an arbitral channel at fa, respectively. The GPLL and Ga are
expressed as

GPLL = GI, (9)

Ga = GIcos
2 [Δφ (fa)− θ] +

1

GI
sin2 [Δφ (fa)− θ] , (10)

respectively. Therefore, GR is calculated as

GR =
G2

I + 1

2G2
I

+
G2

I − 1

2G2
I

cos

[
2πDc

f2
0

(
Δf2

a −Δf2
)]

, (11)
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Fig. 12. PSA-stage configuration in experimental setup for demonstration of
CD estimation method using gain difference among WDM channels.

where Δfa = fa − f0. Thus, by deforming Eq. (11), residual CD
can be estimated as

D =
f2
0

2πc (Δf2
a −Δf2)

cos−1

[
(2GR − 1)G2

I − 1

G2
I − 1

]
.

≈ f2
0

2πc (Δf2
a −Δf2)

cos−1 (2GR − 1) (GI >> 1) (12)

Moreover, from the range of cosines, the measurement range
is expressed as

D2 <
f4
0

4c2(Δf2
a −Δf2)2

. (13)

The closer fa is to fPLL, the larger the measurement range
becomes. The monitored GR becomes 1 by CD compensation
based on the estimated CD when the residual CD is within the
measurement range. If the residual CD exceeds the measurement
range, the estimated value is incorrect and compensation is not
carried out correctly. Thus, GR after CD compensation does not
become 1. In this case, the amount of residual CD is represented
as

D =
f2
0

2πc (Δf2
a −Δf2)

{
cos−1 (2GR − 1)− nπ

}
. (14)

By sweeping n and iterating calculations, it is possible to
estimate the correct amount of the residual CD with GR = 1.

We conducted a WDM-amplification experiment for funda-
mental demonstration of this method. The setup was almost
the same as that shown in Fig. 8. The 10-WDM CW were not
modulated. Fig. 12 shows the PSA-stage configuration. Power
measurements in PSA input and output were conducted by
dividing the signal light with 1×2 couplers for simplicity. The
BPF3 and BPF4 with 20-GHz bandwidth selectively extracted
the components at fPLL (193.1 THz) or fa (193.2 THz). The
measured power at fPLL of input and output were −35.9 and
−16.6 dBm, respectively. The measured power at fa of input
and output were −35.2 and −17.7 dBm, respectively. The GR

was calculated as 0.66, and the residual CD was estimated as
0.89 ps/nm. Fig. 13 shows the WDM spectrum with and without
CD compensation. The gain variation of 15 dB was suppressed to
less than 3 dB by CD compensation using the estimated CD. As a
result, the fundamental operation of this method was confirmed.

In the above fundamental demonstration, the bandwidth of
the BPFs for power measurements were set to a static 20 GHz.
However, the measurement accuracy depends on the BPF band-
width because the measured power depends on the measurement
bandwidth. We numerically evaluated the estimation accuracy

Fig. 13. Spectra of 10-WDM CW lights. (a) PSA-input spectrum. (b) Am-
plified spectrum without CD compensation. (c) Amplified spectrum with CD
compensation using CD estimated from gain variation among channels.

dependence of this method on bandwidth of BPFs. The input
light was assumed to have flat power without a gap in frequency.
The amplified spectrum was calculated using Eq. (4) with
1-MHz resolution. The gain of the PSA was set to 20 dB, and
the bandwidth of the BPFs were varied from 0.1 to 100 GHz
every 0.1 GHz. The form of the BPFs passband was assumed as
an ideal rectangle. The fPLL was 193.1 THz, and fa was varied
from 193.2 to 194.0 THz in increments of 100 GHz assuming
a 10-WDM channel with a 100-GHz grid. The CD estimations
were carried out for residual CDs of 0.1, 0.5, and 0.9 ps/nm.
Fig. 14 shows the simulation results of the error rate ε for each
residual CD and fa. The ε is expressed as

ε =
|DT −DM|

DT
, (15)

where DT and DM indicate true and measured values, respec-
tively. Non-plotted results for some fa recorded an error rate
larger than 5% due to the narrow measurement range. It was
confirmed that estimation accuracy degraded along with the
extension of BPF bandwidth. In the case of 0.1-ps/nm CD, the
estimation with fa larger than 193.8 THz exceeded measurement
range calculated from Eq. (13), and the highest estimation ac-
curacy was the case with fa = 193.6 THz. It was confirmed that
the error rate is typically less than 1% when BPF bandwidth
is narrower than 30 GHz. According to Eq. (4), it is expected
that the compensation accuracy of about 0.01-ps/nm order is
required for over 4-THz amplification bandwidth. If the residual
CD is about 1 ps/nm, the BPF bandwidth should be selected to
narrower than 30 GHz for the accuracy of 0.01-ps/nm order. The
BPF bandwidth should be set in response to the amount of the
residual CD and signal bandwidth.

Finally, we simulated a case in which the estimation target
exceeds the measurement range. If the residual CD is greater
than the measurement range, CD can be estimated by introducing
the correction term of nπ according to Eq. (14) and sweeping n.
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Fig. 14. Error rate as function of BPF bandwidth for each fa for fPLL = 193.1
THz. Estimation targets of residual CDs were (a) 0.1 ps/nm, (b) 0.5 ps/nm, and
(c) 0.9 ps/nm.

Fig. 15. Estimation CD values and averaged GR after compensation with
sweeping estimation. Given-residual CD was 1.00 ps-nm.

The CD corresponding to n when averaged GR for some WDM
channels after CD compensation becomes closest to 1 is the
correct CD amount. We used this sweeping estimation under
the same conditions as the simulation in the previous paragraph.
The estimation target was 1.00-ps/nm CD with fa = 193.3 THz.
The bandwidths of the BPFs for power measurement were set to
10 GHz. Averaged GR was calculated using each GR between
the channel at fPLL and all other channels. Fig. 15 shows the
estimated CDs and averaged GR for each n. For n = 0, it was
the CD exceeded measurement range because the averaged GR

after compensation was 0.68. The averaged GR became closest
to 1 when n = 2. The estimated CD with n = 2 was 1.00 ps/nm,
which was in agreement with the true value. It was confirmed
that correct residual CD can be estimated by sweep measurement
even if the estimation target exceeds the measurement range.

The method using gain spectrum described in Section IV-A
requires a broad ASE light for estimating CD, even though it
provides stable estimation due to few parameters. On the other
hand, the method using gain variation among WDM channels
does not require the special test light and can operate in service.
However, some parameters, such as BPF bandwidths and the
correction term, need to be adjusted.

V. CONCLUSION

We investigated the impact of residual CD on ND-PSAs and
proposed an accurate CD estimation method toward wideband
phase-sensitive amplification.

We derived the theoretical gain-spectrum formula for ND-
PSAs by modifying the conventional formula for D-PSAs, and
the modified formula was experimentally validated using PPLN
modules. To investigate the effect of the residual CD on signal
quality, we also conducted amplification experiments of with
20- and 5-Gbaud PS-64QAM signals. The CD tolerance of the
5-Gbaud signal was higher than that of the 20-Gbaud signal due
to passband narrowing, and the modified gain-spectrum formula
properly described the passband of the ND-PSA.

We presented our proposed method for estimating residual CD
from the measured gain spectrum and the modified theoretical
formula. As a result, by compensating for the CD estimated
by our method, residual CD was suppressed to less than 0.02
ps/nm, and gain-flatted spectrum over 3.5 THz was achieved. A
10-WDM amplification was demonstrated without signal dete-
rioration using the gain-flatted PSA supported with this method.
Moreover, we also proposed a method for estimating residual CD
from the gain variation among WDM channels for monitoring
and adaptively compensating for residual CD. We conducted an
experiment to fundamentally demonstrate this method by ampli-
fying 10-WDM CW lights, suggesting the possibility of adaptive
compensation for residual CD. We evaluated the dependence of
estimation accuracy of this method on bandwidths of BPFs used
for measurement PSA gain through a numerical simulation. In
addition, we indicated that residual CD can be estimated by
sweep measurement even if the estimation target exceeds the
measurement range.
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