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1. Introduction

In recent years, optical wavelength division multi-
plexing (WDM) systems have been incorporated into
commercial optical networks to satisfy data traffic
demands. Furthermore, extensive studies aimed at
enlarging network capacity and flexibility have been
reported [1]-[3]. Wavelength converters will be key
components in these WDM optical networks, and
converters based on various principles and structures
have been reported [4]-[7]. Among them, wavelength
converters based on cross-phase-modulation (XPM)
in a semiconductor optical amplifier (SOA) have sev-
eral attractive features, such as a high extinction ratio,
low chirp, and a waveform reshaping effect. Among
XPM-SOA converters, those based on differential-
phase-modulation (DPM), which utilizes XPM in a
differential scheme, have been shown to be able to
overcome the speed limitation imposed by the carrier
lifetime in the SOA [8]. High-speed wavelength con-
version of over 100 Gbit/s has been reported using
DPM [9]. In this scheme, an optical filter is required
in order to reject the input signal. In the case of wave-
length tunable conversion, the response time of such
filters may limit the system performance, and there-
fore filter-free operation is desirable [10]. In this
paper, we report filter-free wavelength conversion at

a bit rate of 10 Gbit/s using a newly developed
Sagnac interferometer integrated with a parallel-
amplifier structure (SIPAS). A power penalty as low
as 0.9 dB was achieved in the fabricated SIPAS.

2. Structure and operating principle of the device

Figure 1 is a photograph of the fabricated SIPAS.
The SIPAS is a Sagnac interferometer with a parallel-
amplifier structure (PAS), which is a Mach-Zehnder
interferometer (MZI) having polarization insensitive
SOAs in each arm. The SOA has a pn-buried structure
with a tensile-strained bulk InGaAsP active layer.
The passive waveguides constructing the interferom-
eters have a high-mesa structure. The SIPAS was fab-
ricated monolithically by butt-coupling the high-
mesa and buried waveguides [11]. The SOA length is
600 µm and total chip size is 4.5 mm × 1.5 mm.

The working principle of our device is shown in
Fig. 2 An input CW light is divided into clockwise
(CLW) and counterclockwise (CCW) traveling lights.
Since the PAS is asymmetrically placed in the loop,
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the CLW and CCW lights reach the SOAs at different
times, which leads to different phase modulation
between CLW and CCW lights when signal light is
input into the SOAs. After traversing the loop, CLW
and CCW lights are superimposed and transmitted to
the output port due to DPM. We placed the PAS
asymmetrically by 0.5 mm so that the switching win-
dow due to DPM becomes about 11 ps, which enables
high-speed operation at over 40 Gbit/s. As the PAS is
a symmetrical Mach-Zehnder interferometer, it can
be set to the cross-state by injecting the same driving
current into both SOAs. In the cross-state, the signal
and CW lights are fed to different output ports when
they are input from different input ports [12], so the
signal light cannot enter the loop, resulting in filter-
free wavelength conversion.

3. Design and fabrication

In order to build monolithically integrated devices
like the SIPAS, it is necessary to fabricate a high-per-
formance active region and low-loss passive region at
the same time. To meet this demand, we utilized the
pn-buried structure, which is popular in SOAs, for the
active region, and a high-mesa structure [13], which
has low propagation loss and is very effective for
minimizing circuit size, for the passive region. To
maximize the coupling efficiency between buried
waveguides and high-mesa waveguides, the width of
the buried waveguide should be between 1.2 and 1.5
µm because the width of the high-mesa waveguide is

between 2.0 and 2.5 µm. Considering the single-
mode limitation, the core thickness of the buried
waveguide should be between 0.1 and 0.3 µm.

Generally, the gain G (dB) of an SOA can be repre-
sented as:

G = 10 log (exp (Γ g L)),

where g is the gain coefficient, L the SOA length, and
Γ the optical confinement factor in the active layer.
The polarization-dependent gain difference ∆G (dB)
can be represented by

∆G = GTE - GTM

∝ gTE ΓTE - gTM ΓTM,

where GTE and GTM are the gains, gTE and gTM are

Fig. 2.   Working principle of SIPAS.

Fig. 3.   Difference in gain for TE and TM polarized lights
as a function of strain when ΓTE/ΓTM = 1.2.
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gain coefficients, and ΓTE and ΓTM are optical con-
finement factors for TE- and TM-polarized signal,
respectively. When the cross section of an active layer
is rectangular, as mentioned above, the optical con-
finement factor has polarization dependence, and ΓTE

becomes larger than ΓTM. In order to realize a polar-
ization-insensitive SOA (∆G = 0), the gain coefficient
g should have polarization dependence and compen-
sate for the polarization dependence of the optical
confinement factor Γ. The polarization dependence
of the gain coefficient g can be controlled by intro-
ducing a strain into the active layer. When the lattice
constant of the active layer is smaller than that of the
substrate, the active layer is tensilely strained in the
plane parallel to the substrate surface. This introduces
anisotropy in the gain coefficient g, and, as a result,
the gain coefficient for TM-mode gTM increases.
Thus, the condition gTE ΓTE = gTM ΓTM is achieved
[14], [15]. Figure 3 shows the difference in gain for
TE and TM polarized lights as a function of strain
when ΓTE/ΓTM = 1.2. This figure shows the case when
the chip gain is 10 dB per 300 µm. The slope is 1.8
dB per 0.1% change in strain. We can get a polariza-
tion-insensitive SOA by using a tensile strain of
0.1%. As the long-term reliability can be guaranteed
at a strain of around 0.1%, we utilized the tensile-
strained bulk layer as the active layer of the SOAs.

The fabrication process is briefly as follows: First,

the active layer of the SOA, which consists of a 0.2-
µm-thick 0.1%-tensile-strained InGaAsP layer (λg =
1.53 µm) with a 0.1-µm-thick upper separate con-
finement heterostructure (SCH) layer (λg =1.2 µm)
was grown on an InP substrate. After that, the 0.5-
µm-thick InGaAsP core (λg = 1.05 µm) and 1.0-µm-
thick InP cladding layer were butt-jointed. Next, the
SOA stripe was dry etched, and embedded by a p-n
blocking layer and p-doped InP cladding layer. Then,
the p-n blocking layer and p-doped InP cladding
layer, which were grown over the passive region,
were removed to reduce the propagation loss of the
passive waveguide. Finally, high-mesa passive wave-
guides that compose the Sagnac and Mach-Zehnder

Fig. 4. SEM photograph of the fabricated device.
(a) Cross-sectional view of the high-mesa passive waveguide. (b) Cross-sectional view
of the buried SOA. (c) Interface between high-mesa passive waveguide and SOA.

Fig. 5.   Gain-current characteristics of strained-bulk SOA.
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interferometers were fabricated by Br2-N2 reactive
beam etching [16]. The propagation loss of the high-
mesa passive waveguide is about 5 dB/cm. The cou-
pling loss between the SOA and passive regions is
about 1 dB, including the active-to-passive coupling
loss and the high-mesa-to-buried coupling loss. 

Figure 4 shows an SEM photograph of the fabricat-
ed device. Figure 4(a) shows a cross-sectional view of
the high-mesa passive waveguide. A smooth, almost
vertical sidewall can be seen. The propagation loss of
this high-mesa passive waveguide is about 5 dB/cm.
The increase in loss due to the monolithic integration
process is about 3 dB/cm. Figure 4(b) shows a cross-
sectional view of the buried SOA. It shows that the p-
n blocking layer was placed at the desired position.
This is because the SOA fabrication process is the
same as that for the conventional SOA, so the char-
acteristics of the SOA are the same as those of a con-
ventional one and are not degraded by the integration
of passive waveguides. Figure 4(c) shows the inter-
face between high-mesa passive waveguide and SOA.

Waveguides with completely different structures are
well joined. The coupling loss between the SOA and
passive regions is about 1 dB, including the active-to-
passive and high-mesa-to-buried coupling losses.

4. Device characteristics

First, the basic characteristics of the SOA with a
tensile-strained bulk active layer were investigated.
Figure 5 shows the gain-current characteristics of an
SOA with a passive waveguide. The lengths of the
SOA active region and passive waveguide are 600
and 400 µm, respectively. Input signal wavelength
was 1560 nm and input power was -10 dBm. Input
light was coupled into the device using a polarization-
maintaining lensed fiber, and output light was cou-
pled using another lensed fiber. Fiber-to-fiber gain
exceeded 13 dB and the polarization dependence of
the gain was less than 1 dB. The influence of reflec-
tion at the interface between the buried SOA and pas-
sive high-mesa waveguide was not observed. This

Fig. 7.   Optical waveforms of (a) input signal and (b) converted signal, respectively.

Fig. 6.   Spectrum from the output port when driving current was injected into
(a) only SOA1 and (b) both SOAs.
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shows that these waveguides are joined quite well,
not only physically but also optically.

Next, the filtering effect of the SIPAS was exam-
ined. A CW light and signal light were injected from
the CW and signal input port, respectively. The wave-
lengths of the signal and CW lights were 1552.6 and
1550.0 nm, respectively. Input powers of the signal
and CW lights were both 5 dBm. Figure 6 shows the
spectrum from the output port. Figure 6(a) shows the
spectrum from the output port when driving current
of 217 mA was injected into only SOA1. In this case,
SOA2 was absorptive because driving current was
not injected, and as a result, interference could not
occur in the PAS. As a result, the input signal pene-
trated into the Sagnac loop and the input signal and
converted lights were output equally, as shown in Fig.
6(a). On the other hand, when drive currents of 212
and 217 mA were injected into SOA1 and SOA2,
respectively, interference occurred in the PAS. As the
PAS has a symmetric structure, almost the same
injection currents set the PAS in the cross-state. This
enabled spatial separation of input and converted sig-
nals, and the input signal light could not enter the
Sagnac loop. As a result, only the converted signal
was output, as shown in Fig. 6(b). The suppression

ratio was as large as 27 dB, as shown in the figure,
which is large enough for filter-free operation. This is
the most important feature of the SIPAS.

The operation of the SIPAS is due to DPM between
the CLW and CCW lights. Then we next examined
the DPM characteristics by observing the waveforms
of the input and wavelength-converted signal with a
streak camera. The operating conditions were the
same as those in the filter-free condition described
above. Figures 7(a) and (b) show the waveforms of
the input and converted signals, respectively. The
input pulse width was 12 ps and the repetition rate
was 1 GHz. We placed the PAS asymmetrically by
0.5 mm so that the propagation delay time between
the CLW and CCW light was about 11 ps. The output
pulse width was 13 ps, which is very close to the
expected value of 11 ps. This is evidence of DPM
operation.

These experimental results show that fast wave-
length conversion due to the DPM is achieved in the
filter-free condition using the SIPAS. Finally, we
investigated the dynamic characteristics of filter-free
wavelength conversion. Figure 8 shows the eye dia-
grams of the input and wavelength-converted signals
at a bit rate of 10 Gbit/s.  The average powers of the

Fig. 8.   Eye diagrams of (a) input signal and (b) converted signal, respectively.
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input signal and CW lights were 7.9 and 13.0 dBm,
respectively. Clear eye opening was obtained. The
corresponding bit-error-rate characteristics are
shown in Fig. 9. The power penalty, which is defined
as the sensitivity degradation at a bit-error-rate of 10-

12, was as low as 0.9 dB. The origin of this power
penalty is thought to be the accumulation of ampli-
fied spontaneous emission from the SOAs.

In this paper, we have presented only experimental
results at a bit rate of 10 Gbit/s. However, to date, we
have confirmed filter-free operation at up to 40
Gbit/s. In a SIPAS, the width of the output window
(output pulse width) and the repetition rate can be
independently designed. This enables the SIPAS to
be used not only in wavelength conversion, but also
in all-optical demultiplexing. For example, when the
output window is 11 ps and the repetition rate is 10
GHz, SIPAS can be used for demultiplexing from 80
to 10 Gbit/s. Additionally, due to the filter-free fea-
ture of the SIPAS, wavelength conversion in which
the output wavelength changes dynamically is possi-
ble. This enables optical packet routing where pack-
et-by-packet wavelength routing is performed using
wavelength conversion. SIPAS is a device having
many unique features, and we are now making further
progress, including studying its application to all-
optical 3R.

5. Summary

SIPAS is a wavelength conversion device having a
new optical circuit structure. It is fabricated using
semiconductor monolithic integration technology. It
consists of a Sagnac interferometer with a parallel-

amplifier structure, which is a Mach-Zehnder inter-
ferometer having polarization-insensitive SOAs in
each arm. The most important feature of the SIPAS is
filter-free operation.  

We have developed a monolithically integrated
SIPAS by using high-mesa waveguides and pn-buried
SOAs with a tensile-strained active layer. Using the
fabricated SIPAS, we have achieved filter-free wave-
length conversion with an output window of 13 ps
due to differential-phase-modulation. The power
penalty was as low as 0.9 dB at a bit-rate of 10 Gbit/s.
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