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Abstract—We propose a configuration for a wideband optical
parametric amplifier (OPA) using cascaded periodically poled
LiNbO3 (PPLN) waveguides. These PPLN waveguides have differ-
ent phase-matching characteristics by controlling the temperature
of each waveguide, and thus, the input wideband signal is amplified
complementarily. Pump light is shared across the PPLN waveg-
uides. As a result, pump-power-efficient gain bandwidth extension
can be achieved. We numerically calculate the gain spectrum of
the proposed configuration and show that the optimization of
the temperature state of the 2" PPLN modules can suppress the
generation of excessive gain, resulting in a flat gain spectrum. We
experimentally demonstrate an 8.7-THz amplification bandwidth
(1545.32-1618.86 nm) with a >15-dB gain in the lower frequency
band of the proposed OPA. We also conduct simultaneous amplifi-
cation experiments with a 67-channel 125-GHz-spaced 120-Gbaud
WDM signal over 8.375 THz using the proposed configuration.

Index Terms—Optical fiber communication, optical parametric
amplification, wavelength division multiplexing.

1. INTRODUCTION

IDEBAND wavelength-division multiplexing (WDM)
W transmission is a key technology for improving opti-
cal fiber throughput [1], [2], [3]. Expanding the amplification
bandwidth of optical amplifiers is one of the major challenges
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to increase the transmission bandwidth. Erbium-doped fiber
amplifiers (EDFAs) have been widely used in deployed WDM
networks and have a ~4.5-THz amplification bandwidth in the
C- or L-bands. Broadening EDFAs to extend the conventional
bands has been studied [4]. Furthermore, various wideband
amplification techniques, for example, using a semiconductor
amplifier [5], hybrid configuration of Raman amplification and
an EDFA [6], [7], or a combination of different rare-earth-doped
fiber amplifiers [8], have been studied. Multiband transmis-
sion with the S-, C-, and L-bands utilizing such wideband
amplification technologies has been a recent research trend for
high-capacity optical networks.

An optical parametric amplifier (OPA) utilizing nonlinear
optical effects has attracted research attention because of its
wide amplification bandwidth [9], [10], [11], [12], [13], [14],
[15], [16]. OPAs can be used for various telecommunication
bands by modifying the phase-matching characteristics of the
medium and the allocation of the pump light [10], [11], [12],
[13]. One additional feature of OPAs is the generation of
idler light while input signal light is amplified. By using this
idler light, wavelength conversion can be performed, and its
application to multiband networks is being considered [11],
[12]. OPAs are classified into those based on x®-nonlinearity
(e.g., fiber-based OPA) and those based on y?-nonlinearity.
Using a fiber-based OPA, a 170-nm amplification bandwidth
(>20 THz) with a >10-dB phase-sensitive amplification gain
was reported [9]. In an OPA using a periodically poled LiNbO3
(PPLN) waveguide as a x®-nonlinear medium, the efficiency of
the unwanted nonlinear optical effects among WDM channels,
which causes excessive signal degradation, is small. Therefore,
the PPLN-based OPA can simultaneously amplify a WDM
signal with high gain and output power. With the PPLN-based
OPA, a >10-THz gain bandwidth and the potential of wideband
inline WDM amplification were reported [14], [15]. Recently,
over-14-THz lumped signal amplification and inline-amplified
WDM transmission with an 80-km fiber span using PPLN-based
OPAs were demonstrated [16]. An OPA requires a reserve band
for idler light generated with signal amplification. Therefore, a
single medium can amplify a half band of the gain bandwidth.
In the above demonstration of 14-THz simultaneous signal
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amplification [16], two OPAs were implemented in parallel to
fully utilize the gain bandwidth of PPLNs and complementarily
amplified the WDM signal; one of the OPAs amplified the signal
over up to ~7.5 THz.

In demonstrations of wideband inline amplification using a
PPLN-based OPA, the effective gain bandwidth was extended
by varying the quasi-phase-matching (QPM) bandwidth by
controlling the temperature of the PPLN waveguide [13]. By
increasing the waveguide temperature, the outside gain becomes
large, but the gain near the degenerate frequency (the center of
the gain band) becomes small. Therefore, bandwidth extension
by controlling the waveguide temperature is maximum when
the gain of channels allocated nearest the degenerate frequency
is equal to the gain required to compensate for transmission
loss. For further extension, an increase in the pump power is
required in the conventional OPA. In addition, the gain gradient
that occurs with temperature detuning results in excessive gain
around the frequency with maximum gain. Unwanted output
power due to such excess gain requires gain equalization with
large attenuation and limits the output power performance.

This article describes our proposed configuration for optical
parametric amplification using cascaded PPLN waveguides to
extend the gain bandwidth without an increase in pump power
[17]. Each PPLN module has different QPM characteristics
due to waveguide temperature control and amplifies a wide-
band WDM signal complementarily. The pump light is shared
across the cascaded PPLN waveguides, and thus, power-efficient
bandwidth extension can be achieved. The effect of waveguide
temperature on the gain spectrum is evaluated in numerical
simulations with the coupled wave equation (CWE), and the
optimal temperature condition for obtaining a flat gain spectrum
is clarified. In addition, we experimentally measure the gain
spectrum and compare that with simulation results. We also
describe a demonstration involving the wideband inline ampli-
fication of a 125-GHz-spaced 67-channel 800-Gbps/A WDM
signal over 8.375 THz under a 2 x 30-km transmission condition
as an application of the proposed OPA to optical networks.

II. PROPOSED CONFIGURATION

Fig. 1 shows the conventional and proposed configurations of
the OPA using 4-port PPLN modules. The 4-port module has
low-loss integrated pump (de-)combiners using dichroic filters
(DFs), and its I/0O interfaces are four polarization-maintaining
fiber pigtails [18]. The PPLN waveguide is mounted on a copper
plate. To maintain the phase-matching conditions, a Peltier
device is placed under the plate to actively control and maintain
the temperature of the overall waveguide [19]. Because the opti-
cal parametric amplification process is polarization sensitive, a
polarization-diverse configuration is used that separately ampli-
fies the orthogonal polarization components of the input signal
[13]. We used a parallel-type configuration, which features two
waveguides sandwiched by a polarization-beam splitter and
combiner (PBS/PBC) [14]. In the conventional configuration
shown in Fig. 1(a), one PPLN module is used per polarization-
diverse arm. The optical parametric amplification process based
on x®-nonlinearity requires a second harmonic (SH) pump at
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Fig. 1. (a) Conventional and (b) proposed configurations of parallel-type
polarization-diverse PPLN-based OPA. PBS: Polarization-beam splitter, PBC:
Polarization-beam combiner, DF: Dichroic filter, and ODL: Optical delay line.

double the frequency of the degenerate frequency (the center
frequency of the QPM band). To obtain a high-power pump,
continuous wave (CW) light at the degenerate frequency, fo,
and an EDFA are used. The CW light at f is amplified by a
high-power EDFA and is then converted to SH light at 2f; by
using a second-harmonic generation (SHG) process with another
PPLN waveguide [20]. By using different media for SHG and
optical parametric amplification, unwanted nonlinear effects that
cause inter-channel crosstalk can be effectively suppressed. The
SH pump is combined with signal light and then de-combined
after amplification using DFs in the 4-port PPLN module. In
the parallel-type polarization-diverse configuration, an optical
delay line (ODL) is used to compensate for the difference in
the optical path length between two polarization-diverse arms.
In the conventional configuration, the gain characteristics are
restricted by the performance of a single medium.

Fig. 1(b) shows our proposed configuration for further wide-
band amplification. Two 4-port PPLN modules are cascaded in
one polarization-diverse arm. An optical filter is placed between
the two cascaded modules to eliminate the idler light generated in
the 1st PPLN modules (PPLN1&3). This is to avoid interference
between signals and idlers in the 2nd modules (PPLN2&4).
When the proposed configuration is used as a wavelength con-
verter or an optical phase conjugator, the original signal light
is eliminated instead of the idler light. The SH pump is reused
by connecting the pump-output port of the 1st modules to the
pump-input port of the 2nd modules.

To describe the operational details of the proposed configura-
tion, we first discuss the gain bandwidth of the PPLN waveguide.
The gain of optical parametric amplification in the PPLN wave-
guide without pump depletion and absorption in the waveguide
is given as

2
G = cosh? (gL) + (éj) sinh? (gL), (1)
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where g is the gain factor, Af3 is the amount of phase mismatch,
and L is the length of the waveguide [21]. The g is expressed as

2
gE\/HsHiPp_<A2B> )

where Py, is the power of the SH pump. The suffixes of s, i, and p
indicate signal, idler, and SH pump components, respectively. x
is a coefficient representing the efficiency of the y®-nonlinear
optical process, and (roL)? represents the SHG efficiency of the
waveguide. ks which is x at the signal frequency is expressed
as (ws/wo)ko. The relation of the angular frequencies is wy, =
2wg = ws + w;. The effective AS, which includes the effect of
periodic poling, is expressed as

@)

27
A )
where n is the effective refractive index of a fundamental mode
in the PPLN waveguide, c¢ is the speed of light, and A is the
poling period of the PPLN waveguide [22]. In the case that the
phase-mismatch is large, that is, {r.x; P, — (A3/2)°} <0, g
is replaced with

1 (ABN?
JQ/:J\/<2ﬁ> — KskiPp,

and the analytical solution for the amplification gain is then given
as:

3)

A8 = ) — 1 ()~ m ()] -

“)

S iP .
G=1+" /<;/2 Psin? (g'L) .
g

®)

These equations indicate that the gain depends on the re-
fractive index spectrum of the waveguide. The refractive index
spectrum of LiNbOs is expressed by the Sellmeier equation and
is temperature dependent [23]. That is, the Ag is expressed as
a function of the waveguide temperature, 7,

27

(6)

Thus, the gain spectrum can be varied by controlling the
waveguide temperature. Fig. 2 shows an example of calculating
the dependences of Af and the gain spectrum on the wave-
guide temperature using the above equations. The calculation
parameters were as follows: fo = 194.0 THz, L = 45 mm [19],
P, = 1.7 W, the optimal temperature for fo was 50 °C, and
the SHG efficiency was 820%/W [19]. A was optimized for f;
at 50 °C (~18.6 um), i.e., AB(wq, 50 °C) = 0. The refractive
index spectrum of a PPLN was calculated on the basis of [23].
The effective refractive index of a fundamental mode propa-
gating in the PPLN waveguide was assumed to be equal to the
refractive index of the material. At the waveguide temperature,
T = 50 °C, which was the optimal temperature for f, a flat top
gain spectrum was observed around f;. By increasing the wave-
guide temperature to 52 °C, the outer gain increases while the
inner gain around fj decreases, and the effective gain bandwidth
can be extended. Wideband optical parametric inline amplifica-
tion was demonstrated with this temperature detuning [16]. In an
application as a wideband inline amplifier for multi-span WDM
transmission, the effective gain bandwidth is maximized when

A/B = % [TL (WP7T) CUp -n (wSaT) Ws — TL(Wi,T) Wi] o
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Fig. 2. Calculation results for dependence of (a) A5 and (b) gain spectrum

on waveguide temperature.

the gain around f; is the gain required to transmit the signal.
As the waveguide temperature continues to increase further, the
effective gain bandwidth narrows because the inner band around
fo hollows out faster than the outer band expands. Therefore, to
further extend the effective gain bandwidth, the power of the
pump light must be increased. Meanwhile, at a low temperature,
T = 48 °C, there were no frequencies at which A3 = 0, the
overall gain was reduced, and the gain spectrum was sharpened.

In the proposed configuration, the waveguide temperature of
the 1st PPLNs is controlled to extend the gain spectrum, as
shown in the high temperature state in Fig. 2. The 2nd PPLNs
(PPLN2&4) amplify the small gain band of the 1st PPLNs
(PPLN1&3) around fy. With this complementary amplification,
further temperature detuning of the 1st PPLNs becomes possi-
ble, and extension of the effective gain bandwidth is achieved.
The signal amplified by the 1st PPLN modules is passed through
an optical filter to reject idler light and is then re-combined with
the SH pump light in the 2nd modules. The de-combined pump
light in the 1st PPLN modules is input to the 2nd PPLN modules,
resulting in an extended the effective gain bandwidth without
increasing power consumption. The gain spectrum of the 2nd
PPLNS is set to a narrow bandwidth around f; by detuning the
waveguide temperature opposite that of the 1st PPLNs, as shown
in the low-temperature condition in Fig. 2. The narrow gain
bandwidth of the 2nd PPLNs prevents unwanted excessive gain
at the frequencies at which the gain spectra of the 1st PPLNs and
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2nd PPLNs intersect. Therefore, the gain saturation due to pump
depletion for the excessive gain (excessive output power) can be
suppressed. The outer bands that are not amplified by the 2nd
PPLN modules are subject to transmission loss in the 2nd PPLN
modules. Therefore, the transmission loss of the 2nd PPLN
modules is an important parameter for effectively extending the
gain bandwidth. Recently, we developed an ultra-low-loss PPLN
waveguide fabricated by a mechanical sculpturing technique,
and the transmission loss of the 45-mm-long waveguide was
~0.32 dB at 1545 nm [19]; that of our waveguide fabricated by
a dry-etching technique was ~1.00 dB [18].

When the OPA amplifies the entire band of a WDM signal
with a large gain, the wavelength dependence of the noise figure
(NF) is negligible [13]. However, in the proposed configuration,
the frequency dependence of NF becomes apparent in the band
where the gain of the 1st PPLN modules is small, due to optical
losses between the 1st and 2nd PPLNs. Assuming that the NF
spectrum of the conventional OPA is the reference, the NF
penalty in the proposed OPA is expressed as

1 1 1
AN (f) =1+ < — >
( ) Nref (f) Glst (f) Gvref (f)

Nowa (f)

Nref (f) : lﬁ]ter (f) : Glst (.f) ’
where Igjger(f) is the loss spectrum of the idler filter, Nyef(f)
is the NF with a large-gain OPA, Gi4(f) and G .(f) are the
gain spectra of the 1st PPLN modules in the proposed OPA and
conventional OPA, respectively, and Nay,4(f) is the NF of the 2nd
PPLN modules in the proposed OPA.

+

@)

III. AMPLIFICATION CHARACTERISTICS

This section describes the amplification characteristics of the
proposed configuration. First, we evaluate the dependence of a
gain spectrum on the waveguide temperature of the 2nd PPLNs
in the proposed configuration in numerical simulations using
the CWE. We clarify the temperature condition for obtaining a
flat gain spectrum. Next, we experimentally measure the gain
spectrum of the proposed configuration using the 4-port PPLN
modules, and we also compare that with the results of numerical
simulations.

A. Simulation Modes

We calculated the CWE to verify the gain spectrum of the pro-
posed configuration. The CWE (described by one-dimensional
scalar wave equations) of the x®-based optical parametric
amplification process in the PPLN waveguide is given as [21]:

dE;Z(Z) _ %E (2) + jrs By (2) B (2) exp [jAB2]
(8)

dEcizz(Z) = %E (2) + jriBy (2) B (2) exp [[ABz], (9)

dEgz(z) . %Ep (2) + jirpEs (2) B; (2) exp [-jAB2]

(10)
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where Eg, E;, and E, are complex amplitudes of signal, idler,
and pump light. The CWE was deformed to equations for the
real amplitude, A, of each light as:

dA;Z(Z) = - %AS (2) + KA, (2) A; (2)sin [0 (2)], (11)
dAC;Z(Z) = - %Ai (2) + KA, (2) As (2)sin [6 (2)], (12)
dA;z(Z) —- %AP (2) — 26As (2) A; (2)sin [0 ()],  (13)

W) (AOAE AHEAE L AGAR)
(T s )
cos[f(2)] — AB(2). (14)

The transformation of CWE was adapted from [24], [25]. For
calculating the gain characteristics in the frequency domain,
(11)—(14) were simultaneously calculated with a 1-GHz reso-
lution. The pump light was assumed to consist of the single
frequency of wp. In addition, we neglected the frequency de-
pendence of the SHG efficiency and propagation loss of the
waveguide (i.e., K = ks = Kj = Kp/2 and @ = o = ;5 = ).
The simulation parameters were as follows: the step size of the
propagation was 0.1 psm, the length of the waveguide was 45 mm,
the insertion loss of the PBS/PBC was 1.0 dB, the coupling
loss between the waveguide and fibers was 0.5 dB, and the
loss of the idler rejection filter was 0.3 dB. In the previous
section, A was optimized for f; ( = 194.0 THz) at 50 °C.
The x and a of the waveguide in the 1st modules assumed
to be fabricated with a dry etching technique were 1200%/W
and 0.022 dB/mm, respectively [18]. Those of the low-loss 2nd
modules assumed to be fabricated with a mechanical sculpturing
technique were 820%/W, and 0.007 dB/mm, respectively [19].
Note that, the propagation of each light was calculated with
nonlinear coefficients of constant sign, assuming that the phase
relation between the signal, idler, and pump lights was changed
with the effective A5 shown in (3). In addition, we ignored a
contribution of amplified quantum noise to the output power,
induced by the conversion of a vacuum fluctuation at the idler
frequency to the signal frequency (i.e., AZ(0) = 0).

B. Gain and NF Spectra

Fig. 3 shows the dependence of the gain spectrum of the
proposed OPA on the waveguide temperature calculated by the
CWE. In this work, we set the required gain to 15 dB and
assumed that the 15-dB-gain bandwidth is the effective gain
bandwidth. The phase-matching state of the 1st PPLNs was fixed
so that the gain at 185 THz was ~15 dB. The input SH pump
power to the 1st and 2nd PPLNs were ~1.6 W and ~0.6 W,
respectively. These were the same power as in the experiments
described below. We varied the waveguide temperature of the
2nd PPLN from 50.0 °C to 49.0 °C in 0.1 °C increments and
plotted the gain spectra. Fig. 3(a) shows the gain spectrum
of the 2nd PPLNs at each temperature. The gain of the 2nd
PPLN modules was about 10 dB with the reused SH pump
of 0.6 W around fj. The lower the temperature, the more the
gain decreased overall, and its spectrum sharpened. Fig. 3(b)
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difference between proposed and conventional configurations near fj as function
of waveguide temperature. Solid lines indicate gain variation of conventional
configuration at optimal temperature with maximized 15-dB-gain bandwidth.

shows the gain spectrum of the proposed configuration com-
bining the 1st and 2nd PPLNs. The proposed OPA extended
the 15-dB-gain bandwidth by ~0.82 THz compared with the
conventional OPA with a single PPLN module per polarization,
resulting in 8.7 THz. On the other hand, as we can see, a large
excess gain occurred at the intersection between the gain spectra
of the Ist and 2nd PPLNSs at 50.0 °C. Because such excessive
gain caused the gain saturation characteristics to degrade, the
gain spectra should be as flat as possible with a low waveguide
temperature. Fig. 4 shows the dependence of the gain variation
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and gain difference between proposed and conventional config-
urations near fy on waveguide temperature. The gain variation
was calculated as the difference between the maximum and
minimum gains within 8.7 THz from 194 THz. For comparison,
the gain variations of the conventional configuration within
8.7-THz bandwidth and 15-dB-gain bandwidth are also plotted.
The gain difference is determined with the gain of the proposed
configuration minus the gain of the conventional configuration
near fy (at 193.999 THz). In the conventional configuration, the
gain variation within 8.7 THz was large (12.7 dB) since the gain
in the frequency band lower than 186 THz was small. Within
the 15-dB-gain bandwidth, the gain variation was 6.1 dB. In the
proposed configuration, the gain gradient became smaller as the
temperature decreased, reaching a minimum value of 4.9 dB at
49.3 °C. At <49.2 °C, the gain gradient turned upward as the
gain in the 2nd PPLN modules became too small. Meanwhile,
the lower-bound temperature condition at which the gain near the
degenerate frequency was comparable to that of the conventional
configuration was 49.5 °C according to the gain difference plots.
The gain variation of 6.2 dB at 49.5 °C was comparable to that
in the 15-dB-gain bandwidth of the conventional configuration.
This shows that the proposed configuration could extend the
gain bandwidth without compromising the uniformity of the gain
spectrum. Therefore, we attempted to control the PPLN modules
in the following experiments to be close to the phase-matching
state at 49.5 °C in the simulations.

We experimentally measured the gain and NF spectra for
a small signal (unsaturated region) and compared them with
the simulation results. Fig. 5(a) shows the measurement setup.
The configuration of the conventional and proposed OPAs was
polarization-diverse [14]. The spectra were measured by sweep-
ing the wavelength of input CW light at —15 dBm with an
optical spectrum analyzer (OSA). The NF was calculated by
comparing the optical spectra of the CW light before and after
amplification [26]. The degenerate frequency of the optical para-
metric amplification in the PPLN waveguides was 194.0 THz
( = 1545.32 nm), the same as in the numerical simulations.
The loss of the dielectric multilayer filter for idler rejection was
0.3-0.6 dB. The power of the SH pump was ~1.6 W. As in the
simulations, we defined the effective amplification bandwidth
as the bandwidth at which a 15-dB gain was obtained. Fig. 5(b)
and (c) show the measurement results. In the conventional OPA,
the waveguide temperature was controlled so that the 15-dB
gain bandwidth was the widest, and a ~7.8-THz effective gain
bandwidth from f; was achieved. This was in good agreement
with the simulation results. In the proposed OPA, the 1st PPLNs
(PPLN1&3) were detuned to increase the outside gain while
the gain around f; was decreased by ~10 dB. The 2" PPLNs
(PPLN2&4) consisted of low-loss PPLN waveguides fabricated
with mechanical sculpturing [19] to suppress the gain reduction
in the outer-band components and had a gain only in the band
around fy. The SH pump of ~0.6 W could be input to the 2nd
modules through de-combination with the signal in the 1st mod-
ules and the connection by fiber patch cords. Comparison with
the simulation showed good agreement with the results at about
49.45 °C as shown by the solid line. Thus, a ~8.7-THz effective
gain bandwidth was achieved from 194.0 to 185.3 THz with a
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Fig. 5. Experimental measurement of gain and NF spectra. (a) Experimental

setup. (b) Gain spectra. (c) NF spectra.

>15-dB gain, and the proposed OPA extended the 15-dB-gain
bandwidth by ~0.9 THz without an increase in pump power. The
maximum NF penalty was 1.4 dB, and the NF spectrum was in
good agreement with the theoretical value calculated with (7).

IV. 8.375-THz SIMULTANEOUS OPTICAL INLINE
AMPLIFICATION IN 2 X 30-KM WDM TRANSMISSION
CONDITION

We performed a transmission experiment with a wideband
WDM signal as an application of the proposed configuration to
optical fiber networks. A 125-GHz-spaced 67-channel WDM
signal over 8.375 THz from 185.187 to 193.562 THz (1548.81—
1618.86 nm) was inline amplified by the proposed OPA in a
2 x 30-km transmission condition, and the modulation format
was 120-Gbaud dual-polarization (DP) probabilistically shaped
(PS) 36QAM, of which the net data rate was 800 Gbps. Through
this experiment, we show that high-order QAM signals with a
high-symbol rate can be amplified without the distortion caused
by the proposed OPA in the unsaturated region.

A. Experimental Setup

Fig. 6(a) shows the experimental setup for the 2 x 30-km
transmission of a 125-GHz-spaced 67-channel WDM signal
using the proposed OPA. The OPA was used for an inline am-
plifier of the 8.375-THz WDM signal. On the transmitter side, a
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Nyquist-pulse-shaped 120-Gbaud PS-36QAM signal with aroll-
off factor of 0.03 was generated using an I/Q modulator driven
by analogue-multiplexer-based high-speed digital-to-analogue
convertors (AMUX-based DACs) [27]. Then, the optical signal
was polarization-multiplexed by a polarization-division multi-
plexing emulator (PDME). The entropy of the DP-PS-36QAM
signal was 8.87 bits per 4D symbol. The interference WDM
channels were emulated using amplified spontaneous emission
(ASE) from C- and L-band EDFAs [28]. Fig. 6(b) shows the
fiber-launched spectrum of the WDM signal. The interference
WDM signal was spectrally shaped and combined with the
channel under test (CUT) using a wavelength selective switch
(WSS), and an 8.375-THz WDM signal was generated from
185.187 THz (1618.859 nm) to 193.562 THz (1548.815 nm).
The interference WDM signal was rectangularly hollowed out
around the wavelength of the CUT with a 125-GHz band-
width in the WSS. The transmission lines were 30-km G.654.E
single-mode fibers with a ~6-dB propagation loss. The average
fiber-launched optical power was —16.5 dBm/ch. (total power
was 1.8 dBm), and it was limited by the output power of the
ASE source for dummy WDM channels. The total input power
to the proposed OPA was —5.0 dBm (—23.2 dBm/ch.), at which
the gain saturation was sufficiently small. The output power
from the OPA was 14.7 dBm (—3.5 dBm/ch.). In frequency
bands where the extinction ratio of the idler rejection filter,
that is, the power ratio between the passing signal component
and the rejected idler component, is not sufficient, interference
between the signal component and the wavelength-converted
idler component in the 2nd PPLN may result in degradation of
the signal quality. Therefore, we used a frequency band with an
extinction ratio of >30 dB and cut off the frequency band with a
low extinction ratio around fj. A guard band of ~0.3 THz from
fo was required, which limited the bandwidth of the WDM signal
to 8.375 THz, although the gain bandwidth of the proposed OPA
was 8.7 THz. To suppress polarization-mode dispersion (PMD),
we measured the optical path lengths of two polarization-diverse
arms and adjusted the variable ODL in the OPA so that the
difference between them was less than 0.1 mm, corresponding
to a PMD of ~0.5 ps. For absolutely achieving zero PMD,
a configuration has been proposed in which the phase drift
between two polarization-diverse arms is actively compensated
for by using a piezoelectric transducer-based fiber stretcher
[29]. However, even in our configuration without such active
control, the PMD was low thanks to the accurate optical path
length adjustment using the variable ODL, and its drift was slow
compared with the symbol rate, enough to be compensated for
by the receiver digital signal processing. After transmission, the
CUT was pre-amplified by a C- or L-band EDFA, extracted by a
band-pass filter (BPF), and received by a coherent receiver. The
received CUT was digitized using a digital storage oscilloscope
operating with 256 Gsample/s and was demodulated by offline
digital signal processing. The digitized signal was resampled
to 2 samples/symbol, and a frequency-domain fixed equalizer
compensated for chromatic dispersion. Then, the symbol was
demodulated with acomplex 8 x 2 adaptive equalizer updated by
a decision-directed and pilot-aided least-mean-square algorithm
[30]. Normalized generalized mutual information (NGMI) was
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calculated from the demodulated signal. Assuming the concate-
nated coding of low-density parity-check code and BCH code
with a code rate of 0.826 and a 1.64% pilot symbol inserted in
the signal data, the net data rate per channel was 800 Gbps with
a NGMI threshold of 0.857 [14].

B. Results

Fig. 7(a) shows the optical spectra at each point. The output
spectra from the OPA indicated that the gain of the OPA was suf-
ficient for compensating for the transmission loss of the 30-km
fiber. The optical attenuation before the 2nd span was set so
that the input power to each span at a frequency with the lowest
gain was the same. Since we did not perform gain equalization,
the WDM signal input to the 2nd span had a spectral gradient

caused by the gain spectrum of the OPA. We tested only nine
representative channels to verify the basic characteristics of the
inline-amplified transmission with the proposed OPA. Fig. 7(b)
shows the NGMI characteristics. All measured channels were
better than the NGMI threshold. The frequency dependence of
the NGMI corresponded to the gain spectrum of the OPA. This
result is reasonable because the optical signal-to-noise ratio of
each channel was different depending on the input power to
the 2nd span. The NGMI characteristics and constellation were
generally linear as expected, and no excess signal distortion due
to cascading PPLNs and reusing the pump was observed in the
gain-unsaturated region.

V. CONCLUSION

We proposed a configuration for optical parametric amplifi-
cation using cascaded PPLN modules with reused pump light.
The cascaded PPLNs have complementary gain profiles, and
reusing the pump light makes extending the power-efficient
gain bandwidth possible. We experimentally showed a 0.9-THz
(8-nm) bandwidth extension without pump-power enhancement
in comparison with a conventional PPLN-based OPA. As a
result, an 8.7-THz-gain bandwidth was achieved from the de-
generate frequency with a >15-dB gain. In addition, numerical
analysis based on the CWE showed that the temperature detun-
ing of the 2nd PPLNs can suppress unwanted excessive gain and
improve the flatness of the gain spectrum. We also demonstrated
8.375-THz optical inline amplification of a WDM signal using
the proposed OPA under a 2 x 30-km transmission condition.

This work utilized only the lower frequency band of the
OPA from the degenerate frequency. The experimental results
showed that the PPLN-based OPA has a potential >17-THz
amplification bandwidth including a guard band around the
degenerate frequency by using both the upper and lower bands
with a full-band configuration [16]. It is also possible to use it as
an ultra-wideband wavelength converter of >8-THz bandwidth
using idler light. In this work, the proposed OPA was configured
by connecting 4-port PPLN modules with fiber pigtails and
connectors as a proof-of-concept. To achieve higher efficiency,
the optical loss of the signal and pump lights between two
PPLN waveguides should be reduced. For example, it is effective
to integrate two waveguides into a single module. A wider
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extension could be achieved by reducing the excessive optical
loss in the proposed configuration, especially that of the pump
line that effects the efficiency of reusing the pump.
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