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A Passive All-Optical Device for 2R Regeneration
Based on the Cascade of Two High-Speed
Saturable Absorbers
Hoang Trung Nguyen, Coraline Fortier, Julien Fatome, Guy Aubin, and Jean-Louis Oudar

Abstract—We discuss the design and realization of a passive alloptical device for 2R regeneration based on a dual-stage of highspeed microcavity saturable absorbers, one for noise reduction of
digital zeros (SA-0), and the other for noise reduction of digital
ones (SA-1). The numerical and experimental results showed that
by using a simple combination of SA-0 and SA-1 devices, one can
obtain an intensity transfer function with a large extinction ratio
improvement of low power levels and a strongly nonlinear response
reducing the noise of high power levels. The amplitude and phase
characterization of a 40-GHz signal transmitted by this device, obtained by frequency-resolved optical gating measurements, reveals
the intensity-dependant pulse-compression effect and the low chirp
introduced by this device.
Index Terms—All-optical switching gates, asymmetric
Fabry–Perot devices, high-speed optical techniques, nonlinear
optics, optical regeneration, optical saturable absorption, semiconductor quantum well (QW).

I. INTRODUCTION

H

IGH-SPEED networks will need to use ultrafast optical
devices with extremely low chirp. Optical-communication systems are subject to several sources of signal degradation.
Some impairments, such as signal attenuation and dispersion,
can be cured by amplification and dispersion compensation.
However, the random noise from amplifiers requires more
general methods of signal restoration. Ultrafast all-optical
reshaping regeneration (2R regeneration) is necessary for
high-speed networks to improve the SNR through extinction
ratio (ER) improvement and noise redistribution [1]. These
improvements can be achieved with devices, which have a
nonlinear transfer function (output power as a function of
input power). This nonlinear response enables to increase the
discrimination between logical ones and zeros [1 ]. Several
schemes of 2R regenerator have been proposed [2 ]–[8]. Among
these, the simple scheme of all-optical 2R regenerator based
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on saturable absorbers (SAs) in optical microcavity is particularly attractive, owing to its simplicity and its fully passive
operation mode (no Peltier cooler, no bias voltage) [9]. Recent
experiments using high-repetition-rate signals showed that with
the benefit of quantum wells (QWs) having an ultrafast carrier
recombination rate [10], [11], SA microcavity devices are very
promising devices for 2R regeneration at 160 Gb/s [12 ], [13].
Nevertheless, SAs actually have only been used to achieve an
ER improvement without impacting the noise in bit-1 level. In
order to perform a complete regeneration, SAs have typically
been used in combination with other devices that can provide
the level stabilization at the bit time scale. While the recent
advances in fiber-SA-based gates or SOA-SA-based gates have
allowed to demonstrate attractive characteristics, they typically
suffer from limited performance concerning the polarization
dependence, the induced chirp, the requirement of strong input
power [14], [15] and insufficient speed [15], [16 ]. Moreover,
they are not adequate for wavelength-division multiplexing
(WDM) applications. The recent investigation of a SA-based
microcavity passive all-optical device, which can provide an
amplitude stabilization, and thus, a noise reduction of bit-1
levels, allows a solution for passive all-optical regeneration
based on SAs [17], [18]. The potential advantage of this approach is to make a complete passive all-optical high-bit-rate
2R regeneration relying upon a single technology. SA-based
microcavities, on the other hand, offer a number of unique
advantages, including polarization-independent operation, low
insertion loss, high contrast ratio, and high speed and compatibility with WDM applications [19].
In this paper, we propose and study experimentally passive
all-optical-device-based SAs that could be used for 2R regeneration. We demonstrate that some important properties of the
power transfer function, such as a large attainable ER and a
strong nonlinearity, can be achieved by using a simple combination of two SA devices named SA-0 and SA-1. The SA-0 is
used to improve the ER, while the SA-1 provides a significant
stabilization at high amplitude levels, representing the logical
ones. Furthermore, a 40-GHz signal processed by the dual-stage
device has been characterized in intensity and
phase by frequency-resolved optical gating (FROG) measurements [20].
II. REVIEW OF DEVICE DESIGN
The nonlinearity of SA-based devices is achieved by the
modulation of carrier density in active layer. In order to obtain good saturation characteristics, InP-based multi-QWs,
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with a strong excitonic absorption in the telecommunication
wavelengths window, were used as active layers. To amplify
the nonlinear response and to reduce the switching energy, the
active layer is contained in an asymmetric Fabry–Perot microcavity (AFPM). The QWs are suitably located at one antinode
of the intracavity intensity. The AFPM enhances the intracavity
intensity of electromagnetic field and, thus, combined with the
excitonic absorption, improves the nonlinearity and decreases
the switching energy. Furthermore, the SA microcavity device
is used at normal incidence, thus yielding intrinsic polarization-insensitive operation.
of AFPM results from interThe total field reflectivity
and the
ferences between the front mirror with reflectivity
back mirror with reflectivity , modulated by the absorption in
the active region
(1.1)
Equation (1.1) expresses the
in terms of , the effective
, and the single-pass dephasing . Here
bottom reflectivity
, where is the QW number, is the (carrier
density dependent) single-pass absorption per QW, and is the
longitudinal confinement factor of the microcavity.
at
As shown in (1.1), the total reflectance
the resonant wavelength is strongly dependent on the values of
and on the absorption in the cavity. Mathematically, in
decreases when abthe case of SA-1, where
sorption decreases due to a partial cancellation of the reflection
is null when the
from the top and the bottom reflectors.
internal absorption exactly balances the two reflections. A decrease of absorption beyond this point will cause an increase of
. This design provides a stabilization of the reflected output
power, which can be used for noise reduction of logical ones. In
increases when the abthe case of SA-0, where
sorption decreases, and reaches its maximum when the absorption is fully saturated. The SA-0 can be used for ER improvement and noise reduction of logical zeros. Thus, with an initial
structure, by modifying the cavity parameters of the AFPM, we
can perform a bit-1 regeneration device or an ER improvement
device.
MQW-SAs typically have a rather long recovery time, around
a few nanoseconds. In order to reduce significantly the response
time of SAs and make them compatible with high-bit-rate operation, recombination centers must be introduced during or after
crystal growth by mean of low-temperature molecular beam epitaxy [21], ion implantation [22], heavy ion irradiation [10], or
Be [23] or Fe doping [24]. Recovery times in the subpicosecond
range can be achieved by these methods of damage creation.
In order to study the transfer function of the device for 2R
regeneration, several microcavities SA-0 and SA-1 have been
fabricated. SAs used in this paper are based on the same initial
structure. The absorption region includes 7 (AlGaAs/InGaAs)
QWs, grown by metal-organic vapor-phase epitaxy (MOVPE).
The QWs are contained in an asymmetric Fabry–Perot and
located at one antinode of the intracavity intensity. The back
mirror was made by deposition of a silver layer, with a calculated reflectivity of 0.945. The sample was mounted on a

Fig. 1. Transfer functions of SA-0 (a) and SA-1 (b) with different reflectivities
of front mirror. The straight lines are the linear functions.

Si substrate by Au–In bonding to make easier the heat dissipation and limit the thermo-optic effects [25]. As previously
indicated, the SA characteristics depend strongly on the cavity
mirror reflectivities and on the absorption of the active layer
included in cavity. In order to investigate the influence of each
component on the operation of the 2R regeneration device, different front mirror reflectivities were used. In the case of SA-0
structures, two devices with different ER improvements have
been fabricated. The first was designed to have a reflectivity
close to zero at low intensity (impedance matching) giving a
high ER improvement. The top mirror in this case consisted
] with 0.78 power
of two pairs of [SiO /TiO :
reflectivity. The second device had a front mirror made of 6.5
[InP/InGaAsP] with 0.70 reflectivity, resulting in a lower ER
improvement but a lower insertion loss. For SA-1 structures,
the top mirrors were, respectively, made by deposition of
], with a calculated reflectivity of
3 [YF /ZnS:
] and
0.92, and by deposition of 5 [InP/InGaAsP:
a one-period dielectric coating [YF /ZnS:
] on the
top, to obtain a front mirror reflectivity of 0.88. The change
of front mirror reflectivities allows to modify the stabilization
power level of the device. Fig. 1 displays the reflected output
fluence (energy density) of SA-0 [see Fig. 1(a)] and of SA-1
[see Fig. 1(b)], as a function of input fluence. These transfer
functions were measured at 1550 nm with a pulse source at
10-MHz repetition and 0.8-ps pulse duration. The influence of
the front mirror reflectivity on the behavior of each SA device
is clearly apparent on the figures. A larger ER improvement
can be achieved with the structure SA-0 working at impedance
matching. The transfer functions of SA-1s show that the relative
amplitude fluctuation at the output would be reduced in the
input energy fluence of [1–6 J/cm ] and of [0.6–2 J/cm ]
and
respectively. Morein the case of
of SA-1
over, the threshold of high power stabilization

NGUYEN et al.: PASSIVE ALL-OPTICAL DEVICE FOR 2R REGENERATION

1321

depends on their top mirror reflectivities. The results show that
from 0.92 to 0.88 induces a decrease of
a variation of
from 4 J/cm to 0.85 J/cm .
In order to reduce the carrier lifetime, the QWs were irradiions with a dose of
cm . The
ated by 12 MeV Ni
inner windows in Fig. 1(a) and in Fig. 1(b) show the time response of the SA-0 and SA-1 devices, respectively, measured by
pump–-probe technique at 1550 nm with a 10-MHz repetition
rate and 0.65-ps pulses. The results show a response of about 3.7
ps for the SA-0 device and of 3.4 ps for the SA-1. These values
are short enough to allow signal regeneration up to 40 Gb/s.

First, we describe our model for SA device. The numerical
calculation performs a self-consistent resolution of the variawith the parameters characterizing
tions of carrier density
the incident optical signals at given laser wavelength. We asis independent of , and the calculations are essume that
sentially the solution of a series of steady-state equations.
To account for the microcavity effects, we use essentially the
Fabry–Perot model equations of [25]. The microcavity refleccan be calculated from equation
tivity
(1.2)
and on

(1.3)
where
is the microcavity resonance wavelength,
and
are obtained from experimental results.
When the QWs are excited near the bandgap, the absorption
coefficient is assumed, as in a two-level system, to decrease linearly with carrier density , i.e., [26], [27],
(1.4)
is the transparency carrier density of the SA, aswhere
sumed equal to
cm
in the present calculation, and
is unsaturated value of .
For simplicity, we neglect ultrafast intraband relaxation effects, such as spectral hole burning and carrier heating, as they
occur on a femtosecond time scale much shorter than the optical pulses. The time evolution of photo-excited carrier density
in the QW SA is governed by the following rate equation [28]:
QW

(1.5)

where QW is the effective intensity within the active layers,
is the carrier recombination time, is the reduced Planck’s
constant, and is the incident laser angular frequency.
QW is related to the maximal intracavity intensity
through [29 ]
QW

at normal in-

(1.7)
We have
(1.8)

QW

With the steady-state condition
, the expression
for the local carrier density
is obtained from

III. DEVICE MODELING

where is dependent on the working wavelength
the carrier density
through the parameter

is related to the intensity incident
where
cidence through

(1.6)

QW

(1.9)

Inserting (1.8) into (1.9) , we have
(1.10)
Solving (1.10) in using (1.4) allows to calculate the transfer
function of SA in steady-state condition.
In order to check the concept, numerical calculations based on
the SA model in steady-state condition are performed. Different
configurations, where SA-1 is placed before SA-0 (SA-1 SA-0
combination) or inverse (SA-0 SA1 combination) are considered.
A. (SA-1

SA-0) Configuration

The building block of the regenerator model consists of a
SA-1, an optical amplifier, and SA-0. The optical amplifier is
included in the regenerator model in order to compensate the
coupling loss between SA-1 and SA-0. Fig. 2(a) displays numerical nonlinear transfer functions of (SA-1 SA-0) devices,
, while
varies and
where SA-0 have 7QW with
. Another parameter value for
SA-1 have 7QW with
simulation are displayed in Table I. A coupling loss is compensated completely by an optical amplifier. In this case, the stabilization at high level can be obtained, while the ER could not be
improved. Moreover, the inserted loss of (SA1 SA0) module
is high. The inefficacity of this configuration for 2R regeneration is proved in [30].
B. (SA-0

SA-1) Configuration

The regenerator model consists of a dual SA-0 and SA-1 with
the same parameter values described earlier. A coupling loss
dB between two components is assumed in the calculaof
tion and there is no amplifier between SAs. The numerical nonSA-1) displayed on the
linear transfer functions of (SA-0
Fig. 2(b) , showed that (SA-0 SA-1) configuration can provide significantly the ER enhancement along with a stabilization at high input level; therefore, it can be used as 2R regenerator. The numerical calculations show the influence of each
component SA-0 and SA-1 on the characteristics of the module
(SA-0 SA-1). The ER improvement strongly depends on the
SA-0 characteristics, while the stabilization at high input level
is defined by the SA-1 parameters.
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TABLE I
PARAMETERS OF SA-0 AND SA-1 FOR SIMULATION

+

+

Fig. 2. Numerical transfer functions for the (a) (SA-1 SA-0) and (b) (SA-0
SA-1) configurations, where SA-1 is fixed and SA-0 varies and (c) SA-1 varies.

IV. NONLINEAR RESPONSE OF THE DEVICES

Fig. 3. Reflected output fluence as a function of input fluence, for several device
: , SA-0 varies. (b)
combinations. (a) (SA-0+SA-1) SA-1 fixed with R
: , SA-1 varies.
(SA-0 SA-1) SA-0 fixed with R

To estimate the potential for noise reduction and ER improvement of this device, we measured its transfer functions, i.e., the
time-averaged output power versus input power. The experimental setup consists of a mode-locked fiber laser producing
0.8-ps pulses at 10 MHz, with wavelength adjustable in the
range of 1540–1565 nm. The dual-stage (SA-0 SA-1) acts
as a complete 2R regenerator. The input signal, after passing
through a variable attenuator, is focused onto the sample SA-0.
The signal transmitted by SA-0 is injected directly into SA-1
due to the optical circulator. Microlensed fibers producing a spot
size of 3.1 m diameter at 1/e intensity were used to focus optical signals on the SA devices. The reflected signal was detected
and analyzed by an optical spectrum analyzer (OSA). In this experiment, there was no amplifier between SA-0 and SA-1, and
dB.
the coupling losses were estimate to
The experimental and numerical transfer functions of
(SA-0 SA-1) devices are displayed in Fig. 3. The parameter
values of SA-0 and SA-1 used for simulation are indicated in
Table I. As can be seen, a good agreement is obtained between
the calculated and experimental results for incident fluences up
to 1.5 J/cm . The disagreement at low input fluence in the
case, where SA-1 is fixed and SA-0 with
is related

to the limited sensitivity of the OSA. As shown on Fig. 3,
the effect of ER improvement and stabilization at high level
can be obtained in this device combination. The possibility to
adjust the threshold and ER improvement of the module using
the SA-0 and SA-1 individual characteristics is demonstrated.
Fig. 3(a) shows the transfer functions of the (SA-0 SA-1)
.
module when the front mirror of SA-1 is fixed to
Our measurement showed that the ER is significantly improved
of 0.78 (impedance matching). The change in
with a SA-0
does not change the nonlinearity of the full device at
SA-0
high power level. The increase of stabilization threshold from
22 J/cm to 37 J/cm when changing the front mirror of
SA-0 from
to
is related to the higher
insertion loss of the SA-0 at impedance matching. In order to
determine the influence of SA-1 on the operation of the (SA-0
SA-1) module, we measured several transfer functions
with different SA-1 parameters. The SA-0 was then fixed with
in this case. Fig. 3(b) shows that the threshold for
power stabilization increases from 10 J/cm to 22 J/cm
when the front mirror
of SA-1 changes from 0.88 to 0.92.
The ER improvement of the module did not change.

+

= 0 70

= 0 92
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Fig. 4. Experiment setup. Att: variable optical attenuator; EDFA: erbiumdoped fiber amplifier; SHG-FROG: second-harmonic regeneration-frequencyresolved optical gating.

The experimental results showed that a complete 2R regeneration can be obtained with the simple high-speed SAs (SA-0
SA-1) combination device. The optimum configuration could
be obtained with the SA-0 working at impedance matching. A
reduction of the threshold of bit-1-level stabilization would be
expected by reducing the coupling loss between two components. The experimental study of noise reduction involving the
two devices operating at the bit rate and bit pattern differences
presented in [30] demonstrate the promising character of (SA-0
SA-1) devices for 2R regeneration at 40 Gb/s.
V. AMPLITUDE AND PHASE CHARACTERIZATION
The chirp parameter is one of the most important characteristics for modulators. It is proportional to the ratio between the
phase variation and the relative amplitude variation. An accurate
estimation of the system performance requires the determination of amplitude and phase of the processed signals. In order to
characterize the signal in amplitude and phase at high repetition
rates we measured the characteristics of a 40 GHz pulse train
transmitted by the device, by using the SHG-FROG technique.

Fig. 5. (a) Transfer function of SA-1 device. (b) FROG result. Intensity profile
and phase of the 40 GHz pulse train at the SA-1 input: Au mirror reference and
after SA-1 output for linear and nonlinear regimes.

A. SA-1 Characterization
The experimental setup is shown in Fig. 4. A high-quality
40 GHz, 7 ps transform-limited pulse train was first generated
at 1551 nm (the resonance wavelength of the SA-1 device) by
using the multiple four-wave-mixing technique in a 1420 m
long Teralight fiber. The signal was focused on the SA-1 device thanks to a fiber-pigtailed high aperture lens producing a
of maximum intensity.
focused spot 5 m diameter at
The transmitted signal was analyzed by a power meter and a
second-harmonic-generation FROG device [13].
The characterization in amplitude and phase of the SA-0 device has already been presented in [12]. The FROG measurements showed the pulse compression effect and no nonlinear
phase distortion of SA-0. In this paper, we focus the work on
the SA-1 device.
In order to determine the operating regimes of the SA-1 device, we measured it transfer function at 40 GHz. The results,
presented in Fig. 5(a), showed that at resonance, SA-1 provides
a significant amplitude stabilization of the reflected signal in
the average input power range from 40 to 90 mW. Fig. 5(b)
shows the intensity and phase profiles with different input power
levels. At 15 dBm, the SA-1 is in the linear area. The pulse and
phase profiles are identical to the measured reference. The pulse
compression effect occurs when the incident power increases,
inducing the nonlinear behavior of SA-1. The phase profile is
slightly changed. The experimental results are demonstrated the

1

Fig. 6. Experiment setup. Att: variable optical attenuator.  delay line.
EDFA: erbium-doped fiber amplifier. OC: optical circulator. SHG-FROG:
second-harmonic regeneration—FROG.

dependence of the pulse compression effect on the input power,
and showed the low chirp property of SA-1.
B. (SA-0

SA-1) Module Characterization

In this section, we describe the characterization of a signal
transmitted by a module composed of successive devices SA-0
and SA-1. The experimental setup is presented in Fig. 6. The
signal is composed of a pulse train with duration of 5 ps at 40
GHz repetition. Then, a 50:50 coupler combined with a 12.5 ps
delay line was use to generate through multiplexing in the time
”
domain, the following simplified bit pattern “
at 80 GHz. A variable attenuator has also been inserted into
the delay line in order to adjust the energy of the ghost-pulses
injected into the “0” bit slots.
The transfer function measurements have been realized on
dual-stage SA-0 and SA-1. As can be seen in Fig. 7(a), the
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nonlinearity. By changing SA-0 and SA-1 parameters, the saturation properties can be controlled, and the threshold values can
be controlled. The characterizations in intensity and in phase on
(SA-0 SA-1) module reveal a low chirp property. This device
is thus promising for applications to all-optical 2R regeneration
at ultrahigh bit rate.

Fig. 7. (a) Transfer function of SA-0 and SA-1 device. FROG results. Intensity
profile and phase of signal after passing SA-0 SA-0 device. The input power
on SA-0 is 35 mW and on SA-1 is 60 mW.

+

nonlinear regime of SA-0, synonymous with ER improvement,
occurs for a power below 40 mW and the input power range
for noise reduction on the bit-1 levels is between 40 mW and
90 mW.
The FROG measurements were then conducted on each device to determine the intensity and phase profiles of the signal.
The results are showed in Fig. 7. The input power on SA-0
is 35 mW and on SA-1 is 60 mW. The ER improvement is
clearly observed thanks to the action of SA-0. The pulse compression effect can be also observed and the phase profile is
unaffected. After passing through the SA-1 device, the pulse
profile becomes slightly asymmetric. This asymmetry is more
pronounced than in the previous results shown on Fig. 5(b) because of the duration of the pulses coming out of the first component is 3.5 ps, which is comparable to the response time of SA-1
device. The compression of pulses and the asymmetric effect induce a broader and asymmetric optical spectrum. However, this
asymmetry can be compensated by an optical filter, digital here,
in order to approach the initial pulse, but at the expense of a
slight frequency drift observed on the phase. The signal finally
has a clear ER improvement.
VI. CONCLUSION
We have proposed and demonstrated an all-optical passive device that consists in a combination of two high-speed SA-based
components. The numerical calculations, confirmed by experimental results showed that the simple combination of (SA-0
and SA-1) can provide a large ER improvement and a strong
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