
360 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 44, NO. 4, APRIL 2008

Characterization of a Monolithic Concatenated
SOA/SA Waveguide Device for Picosecond

Pulse Amplification and Shaping
Martijn J. R. Heck, Student Member, IEEE, Erwin A. J. M. Bente, Member, IEEE,

Yohan Barbarin, Student Member, IEEE, Antigoni Fryda, Student Member, IEEE, Hyun-Do Jung,
Yok-Siang Oei, Richard Nötzel, Daan Lenstra, Senior Member, IEEE, and Meint K. Smit, Fellow, IEEE

Abstract—In this paper, a monolithic waveguide device, named
IRIS, is presented. The device consists of an array of concatenated
semiconductor optical amplifiers and saturable absorbers. We
have fabricated the devices in InP–InGaAsP bulk gain material
and we have experimentally investigated picosecond pulse trans-
mission through these devices.

Operated as an optical amplifier the IRIS devices show a de-
creased temporal pulse broadening and decreased amplified spon-
taneous emission noise generation as compared to a semiconductor
optical amplifier of equivalent length. Used as a nonlinear element
to increase the optical bandwidth of a picosecond pulse train, the
spectra obtained with IRIS devices show an increased broadening
and smoothness as compared to a semiconductor optical amplifier.

We have set up a theoretical model to describe spectral and tem-
poral pulse shaping by the IRIS device. Agreement between the
simulations and the experiments is obtained.

Index Terms—Integrated optoelectronics, optical pulse am-
plifiers, optical pulse shaping, semiconductor optical amplifiers
(SOAs), ultrafast optics.

I. INTRODUCTION

TRAINS of short optical pulses with a wavelength around
1550 nm have many applications. Picosecond optical pulse

trains can be used in telecommunications for time-domain mul-
tiplexing (TDM) systems and as synchronized multiwavelength
pulse trains in wavelength division multiplexing (WDM) sys-
tems [1]. More advanced telecommunication coding technolo-
gies such as optical code-division multiple-access (O-CDMA),
also make use of short optical pulses [2]. Other applications are
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found when the pulse train is used as a coherent optical fre-
quency comb, e.g., in optical frequency metrology [3]. Such an
optical frequency comb can also be used for arbitrary waveform
generation [4].

Hybrid or monolithic integration of short pulse generation
and processing systems on an optical chip offers advantages
over bulk and fiber optics systems for applications as mentioned
above. An optical chip is more stable and compact and can
in principle be mass-produced, thus reducing fabrication costs
and opening up new application areas of short pulse laser tech-
nology. These features are for example essential for reliable and
cost effective implementation in future O-CDMA systems [2].

The material of choice for such optical chips operating in
the 1.55- m wavelength region is InP–InGaAsP. In this ma-
terial system semiconductor mode-locked lasers can be fabri-
cated to generate a train of short optical pulses [5]–[9]. Semicon-
ductor optical amplifiers (SOAs) are commonly used for on-chip
pulse amplification, though at the expense of adding noise to the
signal in the form of amplified spontaneous emission (ASE).
In [10] we proposed the use of a concatenated array of SOAs
and saturable absorbers (SAs), named IRIS (Integration of Re-
generation, Isolation and Spectral shaping), for further on-chip
pulse train amplification and spectral shaping of these pulses.
The interplay between the SOAs and SAs limits the temporal
broadening of the pulses in the amplification process. Moreover
the fast recovery of the SAs makes them act as gates, closing
after the pulse passage and suppressing the generation of ASE.
Simulations of such devices using parameters representative for
InP–InGaAsP bulk gain material showed the theoretical feasi-
bility to achieve significantly improved performance when com-
pared to a single SOA. Depending on the operation conditions of
the device, an increase in pulse peak power amplification and/or
an increase of the spectral broadening can be achieved.

In this work we report on the fabrication and characteriza-
tion of these IRIS devices. We focus on the amplification of a
train of picosecond optical pulses and the related temporal and
spectral shaping of these pulses. As we foresee a main applica-
tion of the IRIS device in the combination with a semiconductor
mode-locked laser, the input pulse parameters are chosen to be
representative for the output pulses of these lasers. As a refer-
ence we will compare the results obtained with the IRIS devices
with those obtained with an SOA of the same length. Note that
SOA structures can be optimized specifically for the applica-
tions discussed. A full and extensive comparison of optimized
SOA structures with the IRIS devices is beyond the scope of
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Fig. 1. (a) Schematic overview of an IRIS configuration with 20 sections used
in the simulations and measurements. An input pulse (denoted by � ��� ��) en-
ters from the left side, starting with an SOA, and exiting from the right-hand
side. The ratio of the SOA and SA length within the 100-�m section (only 7
out of 20 shown) is varied. Common contacts are used for applying the injec-
tion current � and the reverse bias � . (b) Photograph of the realized devices,
showing different configurations.

this work. We have used the model as presented in [10] with a
minor modification to analyze the results. We have fitted a lim-
ited number of parameters in the model to reproduce the data
obtained from the fabricated devices. In this way we have ob-
tained a design tool for future improvements.

In Section II we present the fabrication technology, structure
and basic design considerations of the IRIS devices realized.
The model used to simulate pulse propagation through the IRIS
devices and its fitted parameters are introduced in Section III.
In Section IV the characterization of the IRIS devices is pre-
sented and conclusions with respect to the temporal and spectral
shaping of the picosecond pulse train are made. The paper con-
cludes with considerations for optimized performance of IRIS
configurations.

II. IRIS DEVICE FABRICATION

The IRIS devices consist of a series of equal pairs of one
SOA section and one SA section, as schematically depicted in
Fig. 1(a). Such devices have been realized using InP–InGaAsP
bulk gain material, operating at wavelengths in the region of
1.55 m. The active layer consists of a 120-nm-thick bulk In-
GaAsP layer with a bandgap corresponding to m
between two 190-nm-thick m InGaAsP layers. This
structure is covered by a 1500-nm-thick p-InP cladding layer
with gradually increasing doping levels and with a 200 nm p-In-
GaAs contacting layer.

The devices have a total length of 2 mm. Configurations with
5, 10, and 20 SOA/SA pairs and varying length ratio between the
SOA and SA have been designed and realized. The sequence of
SOAs and SAs is fabricated by etching a shallow ridge wave-
guide of 2 m width 100 nm into the InGaAsP layer. To create
electrical isolation between the SOAs and SAs, the most highly
doped part of the p-cladding layers is etched away. The isolation
section between the SOA and SA has a length of 10 m (used
in devices with the shorter SAs, i.e., up to 10 m) to 15 m
(with the longer SAs). The waveguide and isolation sections

are etched using an optimized CH /H two-step RIE dry etch
process.

The structures are planarized and passivated using polyimide.
Two Ti/Pt/Au metal pads alternately contact the waveguide sec-
tions to create two common contacts for the SOAs and SAs,
respectively [Fig. 1(b)]. The backside of the n-InP substrate is
metallized to create a common ground contact. Amplification
and absorption are realized by a forward or reverse electrical
bias of the diode, respectively. To suppress lasing, the wave-
guide is oriented at the Brewster angle for the fundamental mode
with the facets which have also been antireflection (AR) coated.
The metal contacts are smaller and thinner towards the input
and output to ease cleaving of the devices. The fabrication tech-
nology of the IRIS device is fully compatible with the tech-
nology to fabricate semiconductor mode-locked lasers as pre-
sented in [8] and [9]. This allows for future further integration
of the lasers with the IRIS device.

In this work, we focus our analysis on IRIS devices with 20
sections. SOAs of 2 mm length have been processed on the same
chip. These devices also have angled AR-coated facets and are
used for two purposes. The first is the comparison of the perfor-
mance of an SOA of comparable length and geometry with the
IRIS devices. The second is to test the SOA model and extract
model parameters, as done in Section III.

III. MODEL FOR IRIS SIMULATION

To gain insight into the temporal and spectral pulse shaping
inside the IRIS devices and to obtain a design tool for future
device optimization, a model has been set up to describe pulse
propagation through the fabricated IRIS devices. This rate equa-
tion model that simulates picosecond pulse propagation through
the SOA and SA sections individually is presented in [10]. In
the following we summarize the application of this model to the
InP–InGaAsP material we have used to fabricate the IRIS de-
vices. The SOA and SA models are discussed separately below.

A. SOA Model

Picosecond pulse propagation through an SOA is described
using the rate equations presented by us in [10]. These are based
on those presented by Tang and Shore [11] and have been ex-
tended with equations for the ASE field to describe gain deple-
tion through ASE analogous to e.g., the treatment in [12], [13].
Based on the experimental observations we have extended these
equations with an extra gain compression and loss term due to
free-carrier absorption (FCA) in the active area. This term is
often ignored [11] or taken into account into the carrier heating
terms [14], [15] and linear loss terms. We have rewritten the
nonlinear gain analogous to [11], but without neglecting the
FCA in the following way:

(1)

in which is the linear gain, the carrier density in the 120 nm
active layer, the carrier density needed for transparency,

the differential gain and , and the nonlinear gain
compression factors corresponding to carrier heating (CH),
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TABLE I
SIMULATION PARAMETERS AND THEIR VALUES

two-photon absorption (TPA) and FCA, respectively. The pulse
power is denoted by . The total linear loss term is then

(2)

in which is the FCA coefficient and represents the
other passive losses, including FCA in the cladding. For the full
set of propagation equations, we refer to [10].

As the application of this set of equations to InP–InGaAsP
SOAs has been extensively studied and reported upon in litera-
ture, we have implemented the widely used values of the param-
eters as much as possible. A limited set of parameters in these
equations has been fitted to the results obtained with experi-
mental picosecond pulse propagation through a 2.0 mm SOA,
fabricated in the same way as the IRIS devices, as mentioned in
Section II. Table I contains a list of all parameters, the values
used and whether they are literature or optimized values.

B. SA Model

To describe picosecond pulse propagation through an SA we
use the rate equations presented in [10], [16], [17] and the as-
sumptions mentioned therein. The 2 mm SOAs and IRIS devices
(see Section II) offer no direct possibility for the measurement
of characteristics of isolated SAs. Therefore, SAs fabricated on
a different wafer with the same layerstack [18] are used for ex-
perimental characterization. These devices have been fabricated

Fig. 2. Matching of the 90-�m SA transmission dependency on� (line, sim-
ulation) and � (squares, experiment) for the small-signal absorption. All these
experiments and simulations have been done using 1.4-ps input pulses with a
repetition rate of 80 MHz and � � ���� nm (experiment) or single pulse trans-
mission (simulation).

using a butt-joint active-passive integration scheme where pas-
sive waveguides guide the light to SAs that are much shorter
than can be obtained by cleaving.

In SA pulse propagation models the effect of the bias voltage
on the absorption is often ignored. In this work we adopt the ap-
proach of [19], where a linear dependency of the transparency
carrier density in the model [10] as a function of the applied
bias voltage in the experiments is proposed. We have quantified
this relation and the effect on the SA transmission (absorption).
These results for an SA with a length of 90 m are shown in
Fig. 2. The other SA parameters and their optimized values are
given in Table I. These values have been obtained using mea-
surement techniques as presented in [20] and [21].

To simulate a complete IRIS configuration the designed SOA
lengths are used, but for the SA length they include the isolation
sections (see Fig. 1). This creates an effective SA in the simu-
lations that represents an isolation-SA-isolation section in the
realized IRIS devices. In practice an isolation section is not bi-
ased, so it will act as an absorber. The field applied to the neigh-
boring SA can penetrate into the isolation sections, effectively
increasing the absorption in the isolation sections. As this effect
is hard to quantify, we use this approach of a single effective SA
in the simulations.

IV. IRIS CHARACTERIZATION

In this section we describe the experimental results obtained
using 2-mm IRIS devices as shown in Fig. 1. In the following,
picosecond pulse propagation through these devices is measured
with respect to the spectral and temporal shaping of the pulses.
The model and parameters for the SOA and SA from Section III
are then used to investigate the experimentally obtained results.
The results obtained with the IRIS devices are compared with
those obtained with a 2 mm reference SOA for the applications
as an amplifier and spectral shaper.

In our setup (Fig. 3) a Pritel mode-locked fiber laser (MLL)
is used to generate a 10 GHz picosecond pulse train. The power
and polarization of the pulses are controlled. Our devices are
not packaged and lensed fibertips are used for incoupling and
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Fig. 3. Schematic overview of the setup used to characterize the SOA and IRIS devices. MLL: 10 GHz mode-locked fiber laser, Att/PM: attenuator/power meter,
PC: polarization controller, TEC: thermo-electric cooler, PM: power meter, OSA: optical spectrum analyzer, AC: autocorrelator, Osc: 700 GHz optical sampling
oscilloscope. All equipment is fiber pigtailed or has fiber input or output connectors. A pulsed injection current source �� � and voltage source ��� � are used
to bias the SOAs and SAs, respectively.

outcoupling. Needle probes are used for biasing the contacts.
The chip is held at 18 C using a thermo-electric cooler.
Pulsed injection current is used to prevent chip heating. We
make use of an autocorrelator and a 700-GHz optical sampling
oscilloscope for temporal pulse power profile characterization.
The optical power spectrum is obtained by an optical spectrum
analyzer (OSA). The MLL and optical sampling oscilloscope
were located in another lab nearby. The optical signals were
transported between the two labs through a total of 15-m stan-
dard single mode fiber (SMF) and 80 m of dispersion shifted
fiber (DSF). The pulses at the device input have a measured
duration (FWHM) of 1.4 ps and are close to transform limited
(time–bandwidth product of 0.3). The pulse peak power is
about 0.1 W.

For the experimental characterization we mainly focus on the
IRIS devices with 20 sections for which we have obtained the
most complete dataset including both time and frequency do-
main measurements. The SOA lengths within this set of devices
are 60 m down to 40 m and the corresponding SA lengths
are 10 m up to 20 m. The isolation sections between SOA
and SA are 10 m up to 15 m, respectively. In the following
the IRIS configurations will be denoted by their respective SOA
and SA lengths, e.g., a 60 m/10 m configuration.

Operating conditions of the IRIS SOA sections are identified
by the total injection current, which is assumed to be uniformly
divided over the 20 SOA sections. The reverse bias voltage
over the SA is simulated by scaling the transparency carrier
density in the SA up to about 0.6 10 m , where a
voltage of V corresponds approximately with a density of
0.05 10 m m , as can be seen in Fig. 2.

A. IRIS Spectral Shaping

In Fig. 4(a), the measured spectra of the 1.4-ps pulse train
after transmission through the IRIS device as a function of in-
jection current are shown for three different configurations. The
spectra obtained with a 2 mm SOA are given for reference. The
spectra broaden with increasing injection current towards the
longer wavelengths. This occurs up to a value of 400 mA, for
the 10- m SAs, or 550 mA for the 20- m SAs. With a further
increase of the injection current the broadening of the spectra
remains unchanged. This is analogous to the SOA, where the
broadening occurs up to a value of 300 mA.

These phenomena can be explained first by the saturation of
the gain, resulting in the increase of spectral broadening towards

the longer wavelengths, and secondly, for the higher currents,
gain compression above the current values mentioned above.
As the SAs lower the optical power of the transmitted pulse
train, the gain compression takes place at a higher value of the
injection current for increased SA lengths.

In Fig. 4(b), the simulated pulse spectra of a 60 m/40 m
IRIS model configuration are shown for different values of
the SA transparency carrier density. Note that the effective
SA length is used in the model configurations as compared
to the experimental devices, which are denoted with the SA
length excluding isolation sections. From a comparison of these
simulated spectra with the experimentally obtained spectra
in Fig. 4(a) for the 60 m/10 m and 50 m/10 m devices,
good agreement is seen for values of the transparency carrier
density of 0 to m . As the SA bias voltage in the
experiments was V this is in agreement with the results as
given in Fig. 2.

The simulations in Fig. 4(b) indicate that a broader and
smoother spectrum can be obtained by increasing the SA bias
voltage (i.e., the corresponding value of ). More specific
an increase in the red-shift can be observed of up to 8 nm for

m . A larger shift is expected for higher
values of the transparency carrier density. These results would
however occur at values of the injection current of over 1 A,
which is beyond the scope of our analysis. Also, at lower values
of the injection current and increasing with , an increase
in blue-shift can be observed and a smooth shape of the spec-
trum. Such spectra thus are generated at the operating points
where the SAs saturate and compress the pulses while the SOA
saturation is limited. As a result the temporal broadening and
the red-shift are also minimized. For a more extensive review
of this subject we refer to the section below on temporal pulse
shaping.

Experimentally the largest spectral broadening has been ob-
served with the 50 m/10 m devices. In Fig. 4(c) we have
plotted two of the measured spectra for a 50 m/10 m device
at an injection current of 700 mA for SA bias voltages of 1
and 6 V. As can be seen the spectrum measured at FWHM
broadens to over 5 nm at 6 V. Moreover the whole range of
this bandwidth has a modulation depth of less than 3 dB, making
the full bandwidth usable for applications such as pulse com-
pression. This is not the case for a bias voltage of 1 V or for
the 2-mm SOA, for which the spectrum is given in Fig. 4(c) for
reference. Comparing these spectra to the simulated spectra in
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Fig. 4. (a) Experimentally obtained pulse spectra after transmission through an
SOA and IRIS devices with 60 �m/10 �m, 50 �m/10 �m and 40 �m/20 �m
configurations, respectively. The injection current through the SOAs is varied
and � � �� V. The spectra are normalized and the linear intensity scale
is grey scale coded from black (0) to white (1). No spectra were recorded for
the lower injection currents, hence the offset. (b) Simulated pulse spectra after
transmission through a 60 �m/40 �m IRIS configuration for varying injec-
tion currents. Plots for different values of the SA transparency carrier density
� ���� � � are given. (c) Experimentally obtained pulse spectra after
transmission through a 50�m/10�m IRIS configuration for an injection current
of 700 mA. The input spectrum and the SOA spectrum at an injection current of
350 mA is also given. (d) Comparison of simulated spectra for a 60 �m/40 �m
configuration at an injection current of 700 mA and two values of� (� 10
m ). The input spectrum for the simulation and the SOA spectrum at 400 mA
is also shown. In both the experiments and the simulations the input pulses have
a duration of 1.4 ps and a peak power of 0.1 W. The input pulse central wave-
length is set to 1560 nm in the plots of the simulations to match the experimental
plots.

Fig. 4(d) shows that the model correctly describes the spectral
broadening. The relatively smooth spectral broadening at 6 V
best corresponds to the simulated spectrum obtained for a trans-
parency carrier density value of 0.4 10 m in the model.

A comparison between the experimental and simulated
spectra of Fig. 4 shows a larger shift of about 1 nm of the
simulated spectra towards the longer wavelengths. This can
be explained by a slight overestimation of the spectral shift in
the SOA model (Section III) for higher injection currents. The
SOA parameters in Table I were optimized for simulation of

pulse propagation for the lower injection current regime, i.e.,
up to the level where gain compression takes place.

There is no significant influence of the SA recovery time
in the model on the simulated spectra in the range of 5–50 ps
[26]. This can be explained by the fact that the pulse repetition
rate of 100 ps is far above this range and the SA can fully re-
cover between two pulses. On the other hand the SA recovery
time of over 5 ps is well beyond the pulse duration of 1–2 ps,
meaning that only limited SA recovery takes place during the
pulse propagation.

So concluding it can be said that the IRIS configuration shows
improved spectral shaping of picosecond pulses as compared
to an SOA of equivalent length. Spectral widths of over 5 nm
can be obtained with a smooth shape. The useful bandwidth
from the SOA stays limited to about 2 nm. This makes the
spectrum suitable for use in the target applications mentioned
[2], [27], [28]. Moreover the spectra obtained with our model
show a quantitative agreement with the experimentally obtained
spectra, making it a useful design tool. A further increase in
bandwidth can be obtained at the higher injection currents, i.e.,
around and beyond 1 A, as can be seen in Fig. 4(b). Another
working point indicated by the simulations is where the output
spectra are most blue-shifted. However the total gain in these
points is much below 0 dB from which we conclude that these
operating points are unpractical.

B. IRIS Amplification and Noise Figure

SOAs typically add a significant amount of noise to the signal
being amplified because of the ASE generated. This is espe-
cially the case when no or low-power signal is present or when
the signal has a low repetition rate. As a consequence the gain
is not depleted by the signal but by the ASE. High gain may
be required for on-chip signal amplification. As mentioned in
[29] and [30], a concatenated array of SOAs and SAs can have
an S-shaped transmission curve, where lower and higher input
power signals experience a lower gain than medium power sig-
nals. This feature can be used for 2R regeneration [29], [30].
In this paper, we restrict ourselves to an experimental investiga-
tion of the gain and ASE generation and its suppression in the
SAs in the IRIS devices when used for amplifying a 10 GHz
picosecond pulse train. We will compare the results with those
from an SOA.

In Fig. 5, the S-shaped transmission is visualized by plot-
ting the picosecond pulse train gain for two IRIS configurations
with 10 SOA/SA pairs as a function of input power. Fig. 5(a)
presents the measurement results from a 150 m/10 m de-
vice with V and Fig. 5(b) presents results from a
110 m/30 m device with V. The gain presented is
defined as the total recorded output power minus the ASE floor,
divided by the picosecond pulse input power. As can be seen the
gain for the IRIS devices peaks at a specific input power .
The value of decreases with increasing injection currents
for a specific device. The contrast in gain at low(er) input power
levels and at shows the possibility of ASE suppression
while still amplifying the picosecond pulse train. Comparing
the IRIS device with the shorter SAs (and V) in
Fig. 5(a) with the one with the longer SAs (and
V) in Fig. 5(b), it can be seen that the gain contrast is largest
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Fig. 5. On-chip gain curves for IRIS configurations with 10 SOA/SA pairs with respective lengths and reverse bias voltage of (a) 150 �m/10 �m, � � �� V
and (b) 110 �m/30 �m, � � �� V. The injection current is increased (7.5-mA steps) from 70 mA up to 340 mA. Fiber coupling losses are estimated at 5 dB
per facet. Further input pulse parameters are as in Fig. 4.

Fig. 6. (a) Output pulse spectra obtained at an injection current of 700 mA, for IRIS configurations of 60 �m/10 �m, 50 �m/10 �m and 40 �m/20 �m and with
� � �� V. The SOA spectrum is given for reference. (b) Output pulse spectra at 700 mA for different reverse bias voltages for a 50 �m/10 �m configuration.
(c) Output pulse power (solid) and SNR (dotted) for different configurations as a function of injection current and (d) the SNR plotted versus the output pulse
power.

(13 dB) for the 110 m/30 m device. The gain contrast for the
150 m/10 m device is 7 dB only. However the total device
gain for the 110 m/30 m device is about 5 dB lower than that
of the 150 m/10 m device. Thus, depending on the applica-
tion a tradeoff has to be made between the signal gain and the
contrast between the peak gain and the lower power gain.

To optimize the balance between ASE suppression and total
gain, the observed device gain and ASE generation is presented
in more detail in Fig. 6. The recorded optical spectra of the de-
vice output can be used to separate the power in the pulse train
from the generated ASE. As can be seen in Fig. 6(a) for high
injection currents (in this case mA) the ASE genera-
tion is suppressed by 10 dB with respect to the SOA output near
the picosecond pulse wavelength. The power in the pulse train
is however only 3–5 dB lower compared to the SOA. The same

effect can be observed when the reverse bias over the SA is in-
creased [Fig. 6(b)].

By integrating the power in the spectrum over the pulse train
bandwidth and the ASE bandwidth separately, the ratio of power
in both fields can be determined. In this paper we define this
ratio by the signal-to-noise ratio (SNR). In Fig. 6(c) the calcu-
lated pulse output power (as a measure of the gain) and the cor-
responding SNR are plotted. As expected the (device) gain for
the reference SOA shows a sharp increase at lower injection cur-
rent values as compared to the IRIS configurations (i.e., 70 mA
as compared to 120 mA–200 mA for increasing SA length). The
reason is the increased power (i.e., increased gain) that is nec-
essary to saturate the SAs. The gain that can be obtained using
an SOA is however only 3 dB more than that can be obtained
with an IRIS device. In the SNR curves, the IRIS devices show a
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Fig. 7. L–I curves for the 2 mm SOA and IRIS configurations with
60 �m/10 �m, 50 �m/10 �m and 40 �m/20 �m configurations at � �
�� V. The solid curves represent the fiber coupled ASE at the output facet and
the dotted curves the counter-propagating ASE at the input facet.

superior performance over the SOA for the higher injection cur-
rents. To make a good comparison between the IRIS device and
an SOA with respect to picosecond pulse amplification and the
SNR, the gain of the devices (output power) is plotted against
the SNR in Fig. 6(d). As can be seen the SOA can achieve higher
gain values, but at very low SNR values. For the lower values
for the gain, the IRIS devices show an increased performance
with SNR values of up to 4 dB better than an SOA.

In Fig. 7 the ASE output is shown when no input pulse train
is present. As can be seen in the SOA the amplification of the
generated spontaneous emission causes the output power to rise
quickly, to over 1 mW at 150 mA injection current. The am-
plification of the SOAs in the IRIS devices is counterbalanced
by the attenuation of the SAs, leading to a heavily decreased
ASE power, i.e., about three orders of magnitude lower at the
IRIS output facets. The difference between the ASE at the IRIS
output and the (counter propagating) ASE emitting from the
input side is explained by the fact that the IRIS configuration
studied starts with an SOA at the input and ends with an SA at
the output. We note that the ASE power at the output side can be
decreased further when the small SOA sections at the output in
the devices discussed here are omitted. This is more easily real-
ized in an active-passive integration scheme, where no cleaving
through the IRIS device is necessary [2].

The ASE suppression is only working up to the level where
the total ASE power starts to saturate the SAs. This effect of SA
saturation can be observed in the 60 m/10 m configuration.
Starting from around 200–300 mA, an increase in ASE power
is observed at the output facet.

Concluding it can be said that the IRIS devices perform better
than an SOA of the same length with respect to picosecond pulse
amplification. The SNR can be improved by about 4 dB and the
ASE generation when no signal is present by over 30 dB. How-
ever maximum gain levels that can be achieved are higher for
an SOA by up to 4 dB. Note that in this section we consider the
pulse energy gain. The effects of pulse shaping and the corre-
sponding effect on the pulse peak gain are discussed in the next
section.

Fig. 8. (a) Normalized temporal pulse profiles after propagation through 15 m
of SMF, obtained with a 700 GHz optical sampling oscilloscope. Pulse pro-
files obtained with IRIS configurations of 40 �m/20 �m and 50 �m/10 �m and
an SOA are shown. These experimental curves have been shifted to overlap in
time; absolute position measurement is not possible in our setup. Curves have
been vertically offset for clarity. (b) Simulated pulse shapes for a 60 �m/40 �m
configuration at the output and (c) after propagation through 15 m of SMF at
an injection current of 500 mA. Traces are given for a range (0.1-steps) of SA
transparency carrier densities � ���� m �.

C. IRIS Time Domain Pulse Shaping

In the application for amplification of picosecond pulses we
now want to compare the performance of the IRIS devices to
an SOA with respect to pulse shaping in the time domain. The
temporal pulse shaping in the IRIS devices has been studied
using a 700-GHz optical sampling oscilloscope (Fig. 3). As the
spectra obtained with the IRIS devices are smoother than those
obtained with the SOA (Fig. 4), this can indicate an increased
linearity of the chirp. This would make the output pulses more
suitable for further compression using only second order disper-
sion, e.g., as present in SMF. In our setup the temporal output
pulse shapes were measured after propagation through 15 m
of SMF, with a total dispersion of 0.34 ps . This corresponds
to a pulse broadening (or compression) value of approximately
0.3 ps per nanometer optical bandwidth, assuming linear chirp
profiles. Given the optical bandwidths as mentioned in Fig. 4,
this value of the dispersion will clearly lead to either pulse com-
pression or broadening in our setup, depending on the sign of the
chirp of the pulses.

In Fig. 8(a), the experimentally obtained temporal profiles
of pulses amplified by 50 m/10 m and 40 m/20 m IRIS
devices and by a 2 mm SOA are shown. For the SOA output
it can be seen that partial pulse compression by the SMF takes
place, resulting in a 1.3-ps peak with a pedestal that increases
with increasing injection current. This effect is explained by the
nonlinear chirp profile over the output pulse directly after the
SOA due to its saturation.

Comparing the pulse shapes obtained with the IRIS devices
with the ones obtained with the SOA, a severe decrease in the
pulse pedestal is observed for increasing the SA length, having
a bias voltage of 1 V. This effect is most pronounced for the
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40 m/20 m device, which shows a pulse duration of 1.1 ps
[Fig. 8(a)]. This duration is at the limit of the 700 GHz oscil-
loscope bandwidth. Decreasing the SA voltage down to 3 V
reduces the pedestal even slightly more.

The model of Section III is then used to simulate the pulse
shape directly at the IRIS output and after 15 m of SMF. The
results are shown in Fig. 8(b) and (c). By comparing the simu-
lated pulse shapes after 15 m of SMF with the experimentally
obtained ones, we can state that there is agreement. A value of

m , which relates to an SA voltage of between
1 and 2 V, clearly reduces the pulse pedestal, just as ob-

served in the experimental results. The simulated pulse shapes
at the IRIS facet show that this decrease is a result of the lim-
ited temporal broadening due to the SA absorption. Moreover
the simulation results show the possibility of obtaining pedestal
free subpicosecond pulses. Directly at the IRIS facet a pulse
duration of 0.6 ps is simulated for a 60 m/40 m device at

m (a high reverse bias voltage). This is
the relevant pulse duration when the IRIS device is integrated
with further pulse processing components on the same chip.
After 15 m of SMF a minimum value of 0.8 ps is simulated at

m . It has to be noted that the model used in
the simulations has a limited validity to temporal pulse shapes
down to around 1 ps. We note that the simulated pulse shapes
obtained at m are low-power due to the in-
creased absorption in the SAs and the SAs are driven into satura-
tion less deeply. As a result the SOAs and SAs operate in a more
linear regime and temporal pulse compression is decreased.

So concluding it can be said that in picosecond pulse amplifi-
cation, the IRIS device shows a decreased temporal broadening
and an increased linearity of the chirp at the output facet
compared to an SOA. Consequently in combination with a
second order dispersive element, the IRIS device shows better
performance for compressing picosecond pulses. As such it is
a promising candidate for further integration with mode-locked
semiconductor lasers, which typically generate picosecond
pulses and are often fiber coupled. The simulations show that
increased compression is possible down to 0.6 ps, but this is be-
yond the resolution of our measurement equipment. It has to be
noted that due to the relatively low peak power and the pulsed
injection current it was not possible to obtain autocorrelator
traces for reference.

V. CONCLUSION

In this work, we have presented a new device, named IRIS,
which consists of a concatenated array of SOAs and SAs. We
have experimentally and theoretically investigated picosecond
pulse transmission through these devices. To this end we have
first set up models to describe pulse propagation through a
single SOA or SA section. These were validated experimentally
to be able to describe picosecond pulse shaping, both tempo-
rally and spectrally, and ASE generation quantitatively. These
models were then combined to simulate complete IRIS config-
urations. Depending on the design and operating conditions, the
IRIS device can fulfill the role of a picosecond pulse amplifier,
a temporal pulse shaper or a spectral shaper. Different device
configurations have been realized.

As a spectral shaper the IRIS device shows improved spectral
shaping of picosecond pulses as compared to an SOA of equiva-
lent length. Spectral widths of over 5 nm can be obtained with a
smooth shape. This makes the spectrum suitable for use in target
applications where integrated AWGs are used [2], [27], [28].
The 5-nm bandwidth makes it possible to use over ten channels
in high resolution InP AWGs.

With respect to the amplification of a picosecond pulse train it
can be concluded that the achievable pulse energy gain is about
3 dB lower for the IRIS devices than for an SOA of equiva-
lent length. The SNR for an IRIS device is up to 4 dB better.
Moreover the experiments and the simulations demonstrate a
decreased pulse broadening for the IRIS devices and even the
possibility for pulse compression, from 1.4 ps down to 1.1 ps
experimentally and 0.6 ps in the simulations. An increased lin-
earity of the pulse chirp for the IRIS devices also suppresses
the formation of a pulse pedestal. The absence of a pedestal
makes the IRIS device more suitable for application in future
high bit-rate OTDM networks. As a last important feature it has
to be mentioned that the ASE generation when no input light is
present is heavily suppressed in the IRIS devices as compared
to SOAs, with suppression of up to 30 dB. As a drawback one
has to mention that the IRIS devices generally operate at higher
injection currents than SOAs of comparable size because of the
inclusion of the SA sections.

The agreement between the simulated and experimental re-
sults obtained with the IRIS device and SOA makes our model
a tool to identify design and operating issues and to optimize the
IRIS design.

Concluding we can say that for picosecond pulse amplifica-
tion and spectral shaping the IRIS configuration shows better
performance than an SOA of equivalent length. As the fabrica-
tion process of the realized IRIS devices is compatible to the
process to fabricate semiconductor mode-locked lasers, it is a
promising option to integrate the two devices in order to ei-
ther boost the pulse power or to increase the spectral bandwidth.
Using active-passive integration further pulse processing com-
ponents, e.g., AWG based, can be monolithically integrated.
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