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System Performances of Fiber Optical
Parametric Amplifiers

THIBAUT SYLVESTRE,! ARNAUD MUSSOT,*
ARMAND VEDADL'"" LAURENT PROVINO,"
ERIC LANTZ,' and HERVE MAILLOTTE!

Département d’Optique P. M. Duffieux, Institut FEMTO-ST, Centre National
de la Recherche Scientifique UMR 6174, Université de Franche-Comté,
Besancon, France

Abstract The research field of fiber optical parametric amplifiers has steadily ex-
panded over the last two decades as a host of all-optical signal processing techniques
have been demonstrated in nonlinear optical fibers such as wavelength conversion,
optical regeneration, optical switching, limiting, buffering, and sampling. This article
reviews the system performances of theses parametric devices such as gain bandwidth,
focuses on the main limitations and demonstrates efficient techniques for suppressing
them.

Keywords amplifiers and converters, nonlinear optics, optical amplifiers, optical
fibers, parametric

1. Introduction

Parametric amplification in optical fibers has been initially studied in the 1980s and then
largely abandoned as a research field due to technological limitations. It wasn’t until
recently that major breakthroughs, including the development of highly nonlinear fibers
and efficient Brillouin suppression techniques, have brought parametric amplification
back on the research scene and positioned it as a leading technology for future all-optical
ultrafast signal processing [1-6]. In addition to providing broadband and high gain in
many spectral bands, fiber optical parametric amplifiers (FOPAs) exhibit low noise figures
[7], equivalent to those of conventional optical fiber amplifiers (e.g., erbium-doped fiber
amplifiers (EDFAs), Raman amplifiers) or even better when they operate in a phase-
sensitive configuration [8]. They additionally offer the possibilities to achieve wavelength
band conversion and, as recently demonstrated, many other applications such as ultrafast
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all-optical signal sampling, limiting buffering, high-repetition-rate pulse train generation,
or time-division multiplexing [4-6].

Despite these advances and the vast number of papers published, however, it is
significant that FOPA suffers from their complex and costly pumping scheme compared
to conventional fiber amplifiers. Indeed, the pump generally consists of a tunable laser
source, a high-speed phase modulator, and one or two high-power EDFAs in combi-
nation with bandpass filters. On one hand, the phase modulation necessary to suppress
the stimulated Brillouin scattering (SBS) induces idler spectral broadening and signal
distortion [9-13]. On the other hand, the remaining amplified spontaneous emission of
optical amplifier used to reach continuous-wave (CW) high pump power severely limits
the noise figure [14].

In this article, we review the recent theoretical and experimental works performed at
the FEMTO-ST Institute in Besancon, France. These works have been partially carried out
under collaboration with the Alcatel Research & Innovation Department in Marcoussis,
France. After a brief recall of the principle of operation of FOPA, we will discuss the
system performances of theses parametric devices such as gain bandwidth. Then we
will focus on the main limitations caused by pump phase modulation. Finally, we will
demonstrate an efficient technique for suppressing them using an integrated synchronized
double phase modulator in a dual-pumped fiber optical parametric amplifier.

2. Principle of Parametric Amplification

The underlying nonlinear process for FOPA is the optical Kerr effect which causes a
variation in index of refraction proportional to the local intensity of the light. When
a high-power pump wave and a frequency-detuned small signal wave travel together
in an optical fiber, they produce interference beats and modulate the refractive index
via the Kerr effect, leading to the generation of a light-induced moving index grating.
This phenomenological approach of parametric amplification is schematically sketched
in Figure 1. In such a scheme, parametric amplification can be thought in the time
domain as an energy transfer from the pump to both the signal and the idler waves by
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Figure 1. Principle of parametric amplification and phase-conjugated idler wave generation in
optical fiber through the optical Kerr effect.
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a diffraction-like process on the refractive index grating [15]. In the frequency domain,
parametric amplification can be viewed as a four-wave mixing (FWM) process where the
pump and the signal are present at the fiber’s input end. When phase matching between
these two waves is fulfilled, exponential-like amplification of the signal together with
generation of an idler wave is made possible. The phase matching conditions and the
parametric gain can be related to the index grating period and the contrast, respectively.
Phase matching is generally satisfied when nonlinear phase effects compensate for the
linear ones. More precisely, this can be achieved in the anomalous dispersion regime of
optical fibers where positive nonlinear phase modulation compensates for the negative
group-velocity dispersion.

3. Flat and Broadband Parametric Gain

It is well known that in FOPA, the shape of the gain curve depends both on the
input waves (pump, signal, and idler) and on the fiber characteristics, mainly its group-
velocity dispersion (GVD), nonlinear coefficient y, and length L [15, 16]. If the nonlinear
coefficient y and the pump power P, are fixed, dispersion characteristics govern the
shape of the small-signal gain curve while the magnitude of the gain depends on the
fiber length. By tuning these two parameters, length and zero-dispersion wavelength A,
we can control the gain profile generated in optical fibers.

In this section, we describe a simple scheme to allow for the achievement of flat
gain over ultrabroad bands with a single pump FOPA operating in the zero-dispersion
wavelength region [17, 18]. The proposed method, based on a multi-section dispersion-
tailored in-line nonlinear fiber arrangement, is depicted in Figure 2. The dispersion
characteristics and lengths of the fiber sections are chosen in order that the first long piece
generates the main broad gain profile and the following sections smooth the gain curve.
Thus, it is possible to design a multi-section fiber with a particular management of the
zero-dispersion wavelength to achieve a broadband and flat gain. The minimal number of
fibers N, as well as their optimum lengths L;(i = 1,..., N), and their zero-dispersion
wavelengths A}, are obtained by solving the nonlinear Schrodinger equation (NLSE),
including the second-, third-, and fourth-order dispersion coefficients of each fiber.

To solve the NLSE, we used the numerical split-step Fourier method and the analyt-
ical FWM theory. On the whole of the obtained results, both methods are proved to be in
excellent agreement. We also took into account in our simulation a power splicing loss of
0.6 dB between two fiber segments. We found that a broadband and flat gain bandwidth
can be obtained using four fiber segments (N = 4), which is the minimum number
required to reach such a feature. The multi-section amplifier consists in a set of highly
nonlinear fibers (HNLFs) whose parameters can be found in [17]. The zero-dispersion
wavelength can be tuned over a range of a few nm around the average value Ay =
1,550 nm according to the doping level and the core radius of the fibers. For all HNLF’s,
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Figure 2. Schematic of the proposed multiple-fibers optical parametric amplifier architecture.
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the dispersion slope was 0.031 ps/nm?/km, the nonlinear coefficient y = 20 km~! W1,
and the fourth-order dispersion B4 was equal to —2.85x 1073 s* m™!, which is a realistic
value in HNLF.

Figure 3a shows a typical example of our theoretical results. A nearly flat parametric
gain with a broad bandwidth of 100-nm is achieved for a total amplifier length of 422 m
(As denoted the signal wavelength). The pump power is Py = 500 mW and the pump
wavelength is Ap = 1,550 nm. Peak-to-peak gain uniformity is of 0.2 dB over 70 nm
with 11.8 dB maximum gain. Figure 3a also shows the parametric gain obtained after
each section of HNLF that illustrates the progressive compensation of the parametric
gain oscillations. The optimum values of L; and Ag are chosen so that the maximum
gain in a considered section corresponds to the minimum gain in the previous section.
Figure 3b depicts the evolution of the small-signal gain profile during propagation along
the amplification line. It is important to emphasize that this gain flattening technique
has been partially validated by recent experimental measurements [19]. In addition, the
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Figure 3. (a) Small-signal gain versus wavelength in a multiple-fibers parametric amplifier for a
pump power Py = 500 mW (solid line). Curves G| to G4 show the successive output gain spectra
calculted after each fiber section. (b) Numerical simulation of the gain spectrum versus propagation
distance.
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robustness of this gain-flattening technique has been also numerically checked against
random fluctuations of the zero-dispersion wavelength in each of the fiber sections [17].
Indeed, a single-pump FOPA is strongly sensitive to longitudinal fluctuations of the zero-
dispersion wavelength because they impair the phase matching conditions. Note that this
dependence can be advantageously used to map the zero-dispersion wavelength along an
optical fiber, as recently demonstrated using parametric gain measurements for different
pump wavelengths [20].

4. Impact of Pump Phase Modulation

One of the major advantages of FOPA-based devices is that they can be fully transparent
and independent of the data modulation format and bit-rate. This independence arises
because the underlying FWM mechanism relies on the quasi-instantaneous optical Kerr
effect and thereby retains both the amplitude and the phase of original signal. This
unique property is valid under the assumption of an ideal monochromatic CW pump. For
practical considerations, however, FOPAs are, in most cases, driven by phase-modulated
CW pump schemes to avoid both synchronization problems and backward SBS.

In this section, we revisit, analytically and numerically, the principle of operation of
FOPA by taking into account the phase modulation of the pump wave [9]. We show that
it can induce strong gain modulation that interferes with the data modulation format.
In particular, our analytical results reveal that both the rise time of the modulator
and the dispersion slope of the fiber are the main limiting parameters. We further
illustrate the detrimental impact of these time-dependent parametric gain variations on
a 10 Gbit/s signal by means of a relevant numerical example using a Pseudo-Random-
Binary-Sequence (PRBS) for the phase modulation of the pump. Let us first consider the
well-known nonlinear Schrodinger (NLS) equation that governs parametric amplification
in optical fibers. Neglecting the fiber loss and including the higher-order dispersion terms,
this NLS equation takes the following form [17]:

04 2 B 04T ,
JE——;J EW_HA‘A 1)

where A(z,z) is the slowing varying amplitude of the electrical field, r =t — z /v, the
time expressed in a reference frame moving with the group velocity of the pump wave,
B the mth dispersion order and y the nonlinear coefficient. Equation (1) is known to
possess a steady-state CW solution and parametric amplification of a small signal is
purposely examined by a linear stability analysis of its CW solution,

Aw,2) = (VP +u(r,2)) x explj (vPoz + 9(0)] @

where P, is the pump power, u(z,z) the small signal and ¢(¢) a time-dependent term
that accounts for the pump phase modulation. Linearizing with respect to # and keeping
only the first derivative of the pump phase, one gets an expression that governs the small
signal amplification (see [9]). Finally, the parametric gain can be expressed as:

©))

() = —(ABL + 8Beu(®)) (VPO g b 3’3”‘”(”)) ,

4



To be published in Fiber and Integrated Optics 2008

where AB; = BrAw?* + ﬁ“%‘ﬁ is the usual linear phase mismatch, Aw is the pump-signal
frequency detuning, and

4
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is the instantaneous phase mismatch induced by the pump phase modulation. For a typical
broadband FOPA, one has ¢, = d¢/dt < Aw and one can approximate Eq. (3) by a
simpler expression as
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Equations (3) and (5) show that the parametric gain becomes time-dependent and depends
both on the derivative of the pump phase and the fiber dispersion slope. Note that if we
set ¢, = 0 in Egs. (3) and (5), we can readily find the usual expression of the parametric
gain for the case of a monochromatic pump [3, 4]. Figures 4a—4d illustrate the influence
of pump phase modulation on the parametric gain of a CW signal. We use the typical
parameters of a FOPA based on a HNLF. Additionally, we assume a 3 GHz PRBS phase
modulation of the pump with 27 ps rise/fall time of the modulator. In Figure 4a we depict
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Figure 4. (a) Phase of the pump wave (solid line, right scale) and its associated time derivative
(dashed line, left scale). (b) Instantaneous parametric gain of a CW signal detuned by 4.7 THz
from the pump (solid line) and usual parametric gain (dashed line); (c) same as (b) but with a
3 THz detuning.
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Figure 5. Parametric gain bands for (a) a rising and (b) a falling edge of the pump phase (solid
lines), and for d¢/@t = 0 (dashed lines).

one bit of the phase sequence (solid line) and its associated time derivative (dashed line).
Figures 4b and 4c show the instantaneous parametric gain in decibels, calculated from
Eq. (3), for two small signals. The first one is located at the maximum of the parametric
gain curve (4.7 THz, see Figure 5) and the other near the inflection point of this curve
(3 THz). As it can be easily seen, the phase modulation of the pump has a detrimental
impact on the temporal evolution of the parametric gain during both the leading and falling
edges of the pump phase. Indeed, the gain suffers from sharp distortions, either positive
or negative, compared to the constant parametric gain for a monochromatic pump (see
dashed lines in Figures 1b and 1c). The physical interpretation of these phase-induced gain
distortions is quite intuitive. The phase modulation of the pump leads to an instantaneous
frequency chirp that will modify the phase matching condition. As a consequence, the
parametric gain differs from its nominal value during each phase jump of the pump
wave. To gain better insight, we have plotted in Figures 5a and 5b the instantaneous gain
curves (solid lines) for the two extreme values of the phase derivative which correspond
to the rising and falling edges of pump phase presented in Figure 4a, respectively. As
a comparison, the dashed curve of Figures 5a and 5b shows the parametric gain for a
monochromatic pump. For the signal shifted by 3 THz from the pump, the nominal gain
is G,, = 12 dB and reaches G; = 14.5 dB when d¢/d7 = 1.107!! rad - s™!, in good
agreement with the peak gain modulation in Figure 4c. The same explanation stands for
the falling edge of the pump phase (Figure 5b), that induces a decrease of —3.5 dB in
the gain, and can be applied to all frequencies included in the gain band.

5. Bit-Error Rate Measurements

To quantify the signal gain distortions of a parametrically amplified channel, bit-error rate
(BER) measurements were carried out at the output of a FOPA [10]. The experiment was
performed in the Alcatel Research and Innovation department, in Marcoussis, France. The
FOPA under test is depicted in Figure 6. The pump at wavelength (A, = 1,553.3 nm is
phase-modulated by a 1.5 Gbit/s PRBS, to increase the SBS threshold. Then it is amplified
by two EDFAs with a filtering of the amplified spontaneous emission (ASE) in between.
The pump is finally injected in the fiber through a 90/10 coupler, yielding to a pump power
of 330 mW. The amplifying fiber used in this FOPA is a highly nonlinear dispersion-
shifted fiber (HNLF, L = 490 m and (A = 1,553 nm). The total fiber losses (fiber
attenuation + splicing losses) are 0.8 dB. On the signal path, a polarization controller
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Figure 6. Experimental set-up of our fiber optical parametric amplifier under test.

allows us to adjust the signal polarization to maximize the gain and an isolator protects
the input from back reflections.

BER measurements were performed on a 10 Gbit/s non return to zero (NRZ)
modulated channel. The experimental set-up is sketched in Figure 7. At the output of the
FOPA, a circulator and a fiber Bragg grating, similar to those used in the FOPA, allows
for removing the residual pump. The receiver is made up of an L-band preamplifier and
a filter with a 3 dB-bandwidth of 0.23 nm to reduce the ASE-signal beat noise. BER is
then plotted versus the optical signal to noise ratio (OSNR), which is measured with the
optical spectrum analyzer OSA?2, and for a constant optical power (—11.3 dBm) on the
photodiode. By means of a variable attenuator As#; placed before the pre-amplifier, the
OSNR can be decreased in front of the receiver to achieve measurable BERs. Back-to-
back measurements were carried out by connecting the point A to the point B. Finally,
the on/off parametric gain of the FOPA is measured by using OSAI.

BERs were first measured in a back-to-back configuration, then with the FOPA by
applying three different modulation formats on the pump phase [4]. First a PRBS at
3.5 Gbit/s was used, with a word length of 2’ — 1, which modulates the pump phase
between O and m, then the same PRBS, filtered by an electrical filter with a 3 dB-
bandwidth of 3.04 GHz and finally a combination of 4 sinusoidal signals ( f{ = 120 MHz,
f» = 532 MHz, f; = 942 MHz, and f, = 1.81 GHz). The electrical filtering of the
PRBS enables to increase the rise-time of the phase bits from 100 to 150 ps. In the
case of the sinusoid modulation format, a rather low Brillouin threshold of 300 mW was
achieved. In order to compare the impact of the different modulation formats, BERs were
measured in the same pumping conditions (£, = 280 mW) and for the same channel

Pl
Att,
pre-amplifier Py x
Power % At — RX

Figure 7. Experimental set-up for the BER measurements.
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Figure 8. OSNR penalty induced by 3 different modulation formats of the pump phase, P, =
280 mW, Achanner = 1,595 nm. Inset: bits of the amplified channel measured with an oscilloscope.

wavelength at 1,595 nm (about 42 nm from the pump), which corresponds to a maximum
On/Off gain of 6.7 dB.

The results of BER measurements are presented in Figure 8. The impact of the pump
phase modulation on the performance of the FOPA can be clearly seen in terms of OSNR
penalty. Actually, the OSNR was increased to achieve the same BER for the three different
modulation formats as in the back-to-back configuration. The OSNR penalty for a bit
error rate of 1077 is 1.38 dB for the PRBS, 0.91 dB for the filtered PRBS, and 0.59 dB
for the combination of sinusoids. First, the increase of the rise-time of the PRBS phase
bits with the electrical filter leads to a reduction of the penalty by 0.47 dB. Second, in the
case of the combination of four sinusoids, the pump phase experiences more continuous
variations than the PRBS cases. The change of the phase-matching condition is not as
significant as in the PRBS cases, and thus the penalty is further reduced by 0.32 dB.

As all measurements were performed in the same operating conditions except the
phase modulation formats, these experiments clearly highlights the signal gain distortions
induced by the pump phase modulation. Moreover, in the inset of Figure 8, it can be
noticed that the mark level of the amplified channel is more distorted than the zero level,
as predicted by the analytical results shown in Figure 4. Nevertheless, it has recently
been shown that, although the Q-value of data amplified by a periodic and deterministic
gain may be considerably degraded, the BER can still be relatively unaffected if ON-OFF
keyed (OOK) data is amplified [12].

6. Demonstration of an Integrated LiNbO3; Synchronized
Double Phase Modulator

To overcome the impact of pump phase modulation, several techniques have been pro-
posed [21-26]. Idler spectral broadening has been cancelled by using a dual-wavelength
pumping counter phase modulation scheme [22, 23]. The counter phase modulation was
employed so that the idler frequency chirp (or equivalently the signal gain distortion)
induced by one pump is exactly balanced by an opposite frequency chirp induced by
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the second pump. This has been achieved either by using two-phase modulators (PMs)
driven with two complementary patterns, or a single PM and an accurate optical delay
line between the two pumps [24]. In both cases however, it is significant that the pumps’
synchronization is hard to satisfy because of the short PM rise/fall time (~30 ps).

In this section, we report the fabrication of a novel LiNbOs-based synchronized
double phase modulator (SDPM) that allows for the simultaneous achievement of high-
speed counter-phase modulation, synchronization, and coupling of two channels [27].
The effectiveness of this SDPM is clearly demonstrated in a broadband 2-pump FOPA
through high-resolution spectral analysis of the idler and signal waves.

Our electro-optic phase modulator was designed and fabricated by Photline Tech-
nologies to meet the requirements of transparent FOPA applications. It consists of a
synchronized double broadband modulator integrated on X-cut LiNbOj. Figure 9a is a
sketch of the device. It is composed of two input waveguides, linked by a Y-junction to
a single output. All the waveguides are single-mode in the 1.55 um telecom window.
A set of push-pull broadband co-planar RF-electrodes is put on top of both parallel
waveguides. Thanks to a precise geometrical arrangement, they provide an RF-electric
field of opposite sign in the optical arms. As an external electric signal is applied, each
waveguide is the location of an index modulation that is the exact opposite, in amplitude
and phase, of the modulation that takes place in the second waveguide.

A Y-coupler is set at the output for optical mixing. The device acts as two auto-
matically synchronized and coupled broadband counter-phase PMs. It is fully packaged
for RF-application up to 40 GHz. The eye diagram shown in Figure 9b is the intensity
modulation detected at the output of the device when launching the same monochromatic
source at both inputs. In that configuration, the SDPM behaves as a Mach-Zehnder
interferometer. We use here a narrow linewidth distributed feedback (DFB) fiber laser at
1,549.74 nm. Figure 9b shows the clearly opened eye diagram when driven by a 1 Gbits/s
PRBS 27 — 1 NRZ pattern.

The experimental set-up of our 2-pump FOPA that uses the SDPM is depicted in
Figure 10. Two tunable lasers (TL1 and TL2) at A; = 1,536 nm and A, = 1,566 nm are
co-polarized and then coupled into the SDPM. It is electrically driven by a PRBS pattern
generator at 3 Gbits/s with a 2! — 1 pattern (rise time of 30 ps). At the SDPM’s output,
the synchronized counter-phase modulated TLs are amplified using a single 33 dBm-
high-power EDFA. A dual-channel fiber Bragg grating centered at A, and A, is used to
remove any ASE noise in the amplification band. This custom filter was manufactured
by Redfern Optical Components and consists of two sub-gratings written in a single-
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Figure 9. (a) Scheme of the X-cut synchronized double phase modulator. (b) 1 Gbits/s NRZ-eye
diagram.



To be published in Fiber and Integrated Optics 2008

Dual channel fiber

EDFA1 Bragg grating

TL1

TL2

%

PC3 BOSA

EDFA2

TL3

Figure 10. Experimental set-up of the counter-phase modulated two-pump fiber optical parametric
amplifier. TL: tunable laser; PC: Polarization controller; PRBS: Pseudo-random bit sequence; TBF:
Tunable bandpass filter; HNLF: Highly nonlinear fiber; BOSA: Brillouin optical spectrum analyzer.

piece of fiber at the same location, thus keeping the pumps in synchronization. As a
signal source, we use another CW TL3. It is slightly amplified and launched together
with the pumps into the amplifying fiber through a 99/1 coupler. The signal power and
wavelength are —16 dBm and Ag = 1,547 nm, respectively. The amplifier medium is
a 500 m-long highly nonlinear fiber with nonlinear coefficient A = 11 W~! km™! and
zero-dispersion Ag = 1,551.4 nm. The 3rd and 4th dispersion coefficients were measured
using a recent method [28]. TL1 and TL2 powers are tuned to reach 23 dBm on each
pump. At the output end, the amplified signal and idler waves are independently analyzed
using a tunable bandpass filter (TBF, 1-nm bandwidth) and a Brillouin optical spectrum
analyzer (BOSA) with a 10-MHz high-resolution. The counter-phase modulation scheme
is finally compared to the in-phase scheme simply by launching TLs together in one
input waveguide of the SDPM using a fiber coupler.

Figure 11 illustrates the experimental FOPA spectrum with the two pumps, the
amplified signal and the generated idler at A; = 1,555 nm. We measured a 10 dB on/off
gain, in good agreement with the theoretically predicted gain plotted in dashed line in
Figure 11 [26]. Figures 12 and 12c¢ show the signal and idler spectra when the pumps
are in-phase modulated. In particular, Figure 12c clearly shows the deterioration and the
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Figure 11. Experimental output spectrum of the FOPA (solid line) and theoretical FOPA gain
bandwidth (dashed line).
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Figure 12. (a), (c) Signal and idler spectra when the pumps are in-phase modulated and (b), (d),
counter-phase modulated with the SDPM.

spectral broadening of the idler with respect to the output signal. The idler peak power
is at least 10 dB lower while the ratio to the pedestal noise is 17 dB lower compared to
the output signal.

In the counter-phase modulation scheme, however, we can see on Figures 12b and
12d that the idler broadening is totally cancelled and the ratio of the idler to the pedestal
noise is comparable to that of the output signal. These experimental results clearly show
the effectiveness of our double phase modulator to suppress the impairment of pump
phase modulation on the system performances of FOPA.

7. Conclusion

In this article, we presented some of the recent research works about fiber-based para-
metric amplifiers and their system performances done in the Optics Department of the
FEMTO-ST Institute at the University of Franche-Comté in Besancon, France. We have
theoretically investigated a multi-section fiber-optical parametric amplifier that provides
a nearly flat gain over a 100-nm bandwidth without any gain-equalization filter. Then, we
have revisited theoretically the principle of operation of parametric amplifiers by taking
into account the phase modulation of the pump wave, necessary in practice to avoid
stimulated Brillouin scattering. We have shown that the rise/fall time of the modulator
can induce distortions in the parametric gain and, in particular, that the fiber’s dispersion
slope plays an important role. The OSNR penalty of a fiber optical parametric amplifier
has been quantified through BER measurements with a 10 Gbit/s line rate performed at
Alcatel in Marcoussis, France. By comparing three-phase modulation formats, it has been
shown that, beyond the efficiency of the pump phase modulation to suppress the Brillouin
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scattering, attention should be paid to the associated extra penalty experienced by the
channels. The lowest penalty of 0.59 dB was achieved with a phase modulation format
including four sinusoids. The influence of the pump phase modulation was also evidenced
by the distortion of the mark level of the amplified channel. The current development
of nonlinear fibers and photonic crystal fibers with ultra-low dispersion slopes would be
potentially beneficial in order to overcome this impairment in single pump FOPA [29].
We have additionally demonstrated a novel two-pump fiber optical parametric amplifier
architecture including a single LiNbOs-based synchronized double phase modulator for
suppressing this impairment. With this phase modulator, we achieved counter-phase
modulation of the pumps and demonstrated idler spectral broadening suppression, paving
the way for fully transparent parametric devices. Our results highlight the crucial issue of
pump wave characteristics on the performances of parametric amplifiers. While one pump
scheme allows for the achievement of efficient signal-processing all-optical techniques,
counter-phase modulation of two low-noise pumps seems to be the best solution since
it can suppress both idler spectral broadening and signal gain distortions. However, we
must stress that these pumping scheme requires costly high-speed phase modulation
schemes and high-power EDFAs. Moreover, the noise figure of parametric amplifiers
is usually degraded by the remaining ASE from the EDFA. The use of the recently
developed low-noise narrow-linewidth high-power fiber laser as a parametric pump may
be an alternative cost-effective pumping scheme. Finally, it is now possible to think
about alternative solutions for passive suppression of Brillouin scattering that require no
pump linewidth broadening, by using for instance the phononic bandgap properties of
microstructured fibers [29, 30].
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