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Abstract—Design, fabrication, and characterization of monolith-
ically integrated widely tunable all-optical wavelength converters
in InP is reported. The devices are based on the SGDBR laser inte-
grated with different MZI-SOA wavelength converters. Error-free
wavelength conversion at 2.5 Gbps was demonstrated over 50 nm
input and 22 nm output wavelength range. Static operation, ex-
tinction ratio enhancement, signal reamplification, dynamic range,
and chirp properties were characterized as well.

Index Terms—Mach-Zehnder interferometer (MZI), photonic
integrated circuits (PICs), tunable laser, tunable wavelength
converter, wavelength conversion, wavelength converter.

I. INTRODUCTION

THE further development of photonic integrated circuits
(PICs) with increased functional complexity, monolithi-

cally integrated on a single chip, is a critical step for the future
deployment of optical networks. Monolithically integrated
widely tunable wavelength converters are a family of PICs
whose function is essential for wavelength division multi-
plexing (WDM) systems, particularly in functions like optical
switching, wavelength routing and add/drop multiplexing. The
integration of tunable lasers and all-optical wavelength con-
verters solves one of the last obstacles for all-optical switching
to have the functionality and flexibility needed to be a serious
candidate to replace electronic switches. Tunable all-optical
wavelength converters allow data to be transferred from an
input wavelength to a tunable output wavelength without
passing the signal through electronics. Semiconductor optical
amplifier Mach-Zehnder interferometer (SOA-MZI) wave-
length converters represent an important class of integrated
wavelength converters that work for both RZ and NRZ data
formats while also acting as 2R signal regenerators due to their
nonlinear transfer functions. Integration of SOA-MZIs in InP
has been reported previously [1]–[3]. In addition, an SOA-MZI
wavelength converter was integrated with a nontunable DFB
laser, but it had severe performance tradeoffs due to reflections
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from the MZI back to the laser [4]. Recent attempts at an in-
tegrated multifrequency laser/MZI-SOA wavelength converter
have shown an interesting device design concept, but have yet
failed to produce a fully operational wavelength converter [5].

The devices reported in this paper consist of a widely tunable
sampled grating distributed Bragg reflector (SGDBR) laser [6],
monolithically integrated with different SOA-MZI wavelength
converters [7], [8].

The SGDBR laser represents an enabling technology for
widely tunable photonic integrated circuits. First, it is well
suited for integration, as its lithographically defined mirrors
enable lasing without a facet reflection [6]. Second, because
the laser consists of a combination of active and passive waveg-
uides, additional elements can be integrated on the same chip
without increasing the level of complexity of the fabrication
process. To illustrate the usefulness of SGDBR lasers, it is
worth noting that in addition to our work described here,
functional integration with other components has been reported
for SOAs [9], EAMs [10], Mach-Zehnder modulators [11],
and recently photocurrent-driven widely tunable wavelength
converters [12], [13].

The fabrication platform used in this work, offset quantum
wells, represents a versatile integration platform that enables
simplicity in fabrication and high efficiency in transition be-
tween active and passive waveguides. Additionally, this plat-
form, with its low contrast waveguides and the continuous quar-
ternary waveguide layer throughout the entire device, is partic-
ularly suitable for reflection minimization and control, which
is one of the key requirements for high-density PIC integration
involving on-chip lasers. Using this platform, a single epitaxial
overgrowth of p-InP is required to fabricate the devices, which
makes the fabrication process simple, reproducible, and robust.

The level of chip-scale integration demonstrated in our tun-
able wavelength converters offers a number of benefits, some
of which are: reduced coupling loss between the laser and the
converter, reduced polarization control requirements, improved
converter noise figure, higher conversion efficiency, and, ulti-
mately, reduced size, simplified packaging, reduced footprint,
and lower cost of the entire component.

II. DEVICE DESIGN AND FABRICATION

The integrated tunable wavelength converter consists of an
InP SGDBR laser [6], monolithically integrated with an SOA-
based MZI wavelength converter. The schematics of the two dif-
ferent device generations that have been designed, fabricated,
tested, and are being described in this work are given in Figs. 2
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and 3. Both device generations use identical tunable laser de-
signs and differ in the interferometric wavelength converter de-
signs.

A. Tunable Laser Design

The SGDBR laser is 1.5 mm long and has five sections: front
mirror, gain section, phase section, back mirror, and back facet
detector. The back facet detector has been monolithically inte-
grated for measurement of optical power and to decrease the
requirements of the backside antireflective coating.

The laser’s mirrors are made of periodically sampled DBR
gratings that form a comb-like reflectivity spectrum which en-
ables for wide tuning range using the Vernier effect [6]. The
front mirror consists of five 4 m long bursts spaced by 61.5

m. The back mirror consists of twelve bursts that are 6 m
long and spaced by 46 m. Since the sampling periods of the
two mirrors differ, the peak reflectivity spacings are different, so
that only one set of reflectivity peaks for both mirrors is aligned
at one time. By differentially tuning the front or the back mirrors
using electrical current injection, adjacent reflectivity peaks can
be aligned, and the laser will operate at this new wavelength [6].
To achieve the wavelength coverage between the mirror peaks,
both mirrors need to be tuned simultaneously.

B. MZI-SOA Design

The role of the MZI-SOAs is to behave as nonlinear elements
and to enable the interaction between the continuous wave and
the input data signals through the gain compression and phase
change, which are used to achieve the wavelength converter
operation. Two main MZI-SOA parameters of interest are the
amount of phase change attainable, and the gain recovery life-
time, which will limit the maximum speed of operation. The dy-
namic response of an SOA depends on the material parameters
of the SOA (differential gain), the level of electrical pumping,
the confinement factor, the optical power in the SOA, as well as
the length of the SOA through the effects of high-pass filtering
[24]. While our material parameters (i.e., the gain as a function
of carrier density) and the confinement factor (6%) are set by the
choice of the integration platform, the other parameters can be
adjusted, primarily by controlling the SOA’s bias current, input
optical power into the SOA and the length of the SOA.

Simulated total phase change in an SOA as a function of the
optical power levels and the SOA lengths is shown in Fig. 1.
The amount of the phase change will depend on the amount of
index change, which in turn depends on the amount of the gain
and carrier concentration change in the SOA. One disadvantage
in using the offset quantum well platform is in the fact that the
optical mode overlap with the active region is only 6%, and most
of the index change happens in the active region (assuming large
release times from the quantum wells). As a result, according
to the simulation, large pump power variations are needed to
achieve a full rad phase shift. Analyzing Fig. 1, we conclude
that increasing the length of the SOA beyond 1 mm will not
significantly improve the phase change abilities. On the other
hand, to utilize the full benefits of the self-filtering effect [24],
the SOA length should be at least 1 mm. Extended SOA lengths
will have an adverse effect in terms of possible back-reflections
into the laser, heating, device power consumption and the chip

Fig. 1. Simulated phase change in a SOA as a function of the SOA length.
The probe signal is kept constant at 4 mW and the power of the pump signal is
varied.

Fig. 2. Tunable all-optical MMI-MZI-based wavelength conveter
(TAOMI-WC).

size. Taking all of these requirements and tradeoffs of our design
into account, the optimum SOA length was chosen to be 1 mm.

C. Generation I—Tunable All-Optical MMI-MZI Wavelength
Converter (TAOMI-WC)

In this device implementation, the interferometer is defined
by a combination of two 16 m wide and 760 m long mul-
timode interference (MMI) based 1 2 light splitters [15], in
combination with 2 MMI based 2 2 couplers that are 12 m
wide [15], straight waveguides and 1 mm long SOAs (Fig. 2).
The total waveguide separation in the interferometer is 17 m.
This value is determined primarily by the fabrication tolerances
for the minimum separation of the two MZI-SOA electrodes.
The input signal is coupled onto the chip through a tapered, an-
gled input waveguide, and then amplified by an 800 m long
input semiconductor optical amplifier. The 2 2 MMI coupler
is used to mix the input signal with the continuous wave signal
generated by the SGDBR laser in one of the interferometer’s
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Fig. 3. Tunable all-optical MZI-based wavelength converter (TAO-WC).

SOAs. This SOA, where the interaction between the input data
and the CW signal occurs, will be referred to as “common SOA”
in the rest of this paper. The unused output branch of the 2 2
MMI coupler extends into the unpumped active region and is
adiabatically tapered into a point to absorb all of the stray light.
This is done to prevent any back reflections that could destabi-
lize the laser. The output waveguide of the MZI is tapered and
angled to reduce the AR coating requirements. The total device
length is 5.2 mm.

D. Generation II—Tunable All-Optical MZI Wavelength
Converter (TAO-WC)

The interferometer is defined by a combination of four 1 2
MMI light splitters and combiners (180 m long and 13 m
wide), by S-bends with curvature radii of 2 mm and by two 1 mm
long SOAs (Fig. 3). The laser and the interferometer are con-
nected via a 1 2 MMI splitter and the total waveguide separa-
tion in the interferometer is 70 m. This insures that there is no
thermal crosstalk between the two branches of the interferom-
eter. The input signal is coupled onto the chip through a tapered
input waveguide, and then amplified by an 800 m long input
semiconductor optical amplifier. The same MMI splitter/com-
biner design is used to connect the input waveguide and the
SGDBR signal with the common interferometer SOA, as well
as to combine the light from the two branches at the interfer-
ometer output. The output waveguide is tapered and angled to
reduce the AR coating requirements. The total device length is
4.9 mm.

E. Coherent Reflection Suppression

One of the critical design issues for PICs that include an inte-
grated laser is the suppression of coherent back reflections. Low
levels of coherent back-reflection will lead to an increase of the
laser linewidth, while large back-reflections levels will be com-
pletely detrimental for device performance.

Several possible sources of reflection exist on our chips and
they all require careful minimization. The potential sources

Fig. 4. Modal reflectance as function of the output waveguide width and angle.

of backreflection are the output facet, multimode interference
based light splitters and combiners and the active-passive
waveguide interfaces. The offset quantum-well integration plat-
form, used in this paper, with its low refractive index contrast
waveguides and the continuous quarternary waveguide layer
throughout the entire device structure, is particularly suitable
for reflection minimization and control.

The dominant source of back reflections is the output facet
of the device. The SOAs of the Mach-Zehnder act as amplifiers
for any reflections from the output facet. However, due to their
operation in saturation, the amount of gain that they provide is
limited to less than 8 dB. Taking into account the amplifier gain,
to insure for linewidth change of less than 10%, the require-
ment for reflectance of the output facet is that it be better than

. This level of reflectance cannot be achieved by simple
anti-reflection coating, rather, the output waveguide design has
to minimize the amount of reflection. As has been proposed in
[16], [17], angled output waveguides have significantly smaller
modal reflectances than the corresponding straight waveguides.
In addition, increasing the waveguide width further reduces the
back reflection coupled into the original mode. Analiticaly, the
reflectance of a Gaussian mode at an interface will have an expo-
nential dependence on the angle of incidence and on the width of
the mode [16]. Conversely, widening the output waveguide in-
creases the ellipticity of the output mode, thereby complicating
the coupling scheme required for high coupling efficiency. Fig. 4
shows the calculation of the modal reflectances [17] in function
of the output waveguide angle, for two different output wave-
guide widths—3 m and 5 m. The values of the parameters in
the calculation are based on the InP/InGaAsP material system
used in this work. For the output angle of 6.5 degrees or higher,
with the ridge with of 5 m, the envelope of the modal re-
flectance will be lower than . Therefore, applying a multi-
layer AR coating on this type of the output facet can provide for
the broadband reflectance that meets our design requirements.

MMI-based components are a potential source of severe re-
flections, so care must be taken to optimize their design. This
is especially true in integration platforms that utilize high index
contrast waveguides [18]. Our fabrication platform, on the other
hand, is based on the weakly guiding waveguides and employs
no semiconductor-air interfaces. The MMI lengths in our struc-
tures are optimized for minimum back reflections according to
[15], and all MMI components are tapered at both inputs and
outputs so that reflections are not coupled back into the laser
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Fig. 5. Offset quantum well integration platform.

cavity. We found that this approach was easy to implement and
as effective as the approach suggested in [19].

Low reflection, low loss transitions between the active and
passive waveguides in our fabrication platform are achieved by
employing techniques similar to those already discussed for the
output waveguide design. Active-passive interfaces in the de-
vice are angled to avoid coupling of the reflected light into the
waveguide mode. Moreover, the quarternary waveguide layer
is continuous throughout the device structure, thereby avoiding
potential index discontinuities such as those that can be intro-
duced when using butt-joint growth techniques.

F. Fabrication

Devices are fabricated using an offset quantum well inte-
gration platform in InP. All growths are performed using the
MOCVD crystal growth technology. The device cross section
at the active-passive interface is shown in Fig. 5.

The layer formation of the base epitaxial structure consists of
a 350 nm thick quarternary waveguide, followed by a 7 quantum
well/8 barrier active region and a thin InP cap. The first step of
the process is to selectively etch off the quantum wells in the
future passive sections of the device. Subsequently, gratings are
lithographically defined in the mirror sections using holography
and then etched directly into the top of the waveguide layer
using reactive ion etching (RIE). The surface of the sample is
then regrown with a 1.8 m thick p-doped InP upper cladding
layer and a 100 nm p -InGaAs contact layer (Fig. 5). It is im-
portant to emphasize that this is the only regrowth step required
in the entire process.

After the regrowth, ridges in InP are formed using a combi-
nation of RIE/crystallographic wet chemical etching. The sur-
face of the sample is isolated with a dielectric film and the top
metal contacts (Ti/Pt/Au—20/40/1000 nm) are evaporated using
E-beam evaporation, followed by a proton implant to electri-
cally isolate the different electrodes. After the sample is thinned
down, identical back side (Ti/Pt/Au) contacts are evaporated and
the sample is strip annealed at 420 C. In conclusion, there are
no additional major processing steps required to fabricate this

Fig. 6. Schematic of the test setup.

device beyond the standard SGDBR fabrication process, which
demonstrates the versatility of our integration platform.

III. EXPERIMENTAL PROCEDURE

All of the experiments are performed with the devices sol-
dered on aluminum nitride submounts, wirebonded, vacuum
clamped onto a gold-plated copper stage and cooled to 17 C
using a thermoelectric cooler. The light is coupled to and out of
the devices using conical-tipped lensed-fibers mounted on the
piezo-controlled translational stages. The tapered waveguides
at device inputs and outputs improve the coupling to the device;
we measured 4 dB of coupling loss to the waveguides on the
chip. The input signal is generated using an external cavity
tunable laser source and modulated using a lithium-niobate
electrooptic modulator. Polarization controllers are used at
both the input to the modulator and the wavelength converter
because the device active regions are polarization sensitive.
For static measurements, the output of the device is optically
filtered and fed into an optical power meter. For wavelength
conversion, the data is generated using a BERT with NRZ

pseudorandom bit sequence (PRBS) data at 2.5 Gbps.
The converted output wavelength is filtered using a 0.4-nm
thin-film tunable filter and detected with a PIN receiver. The
test setup schematic is shown in Fig. 6.

IV. STATIC PERFORMANCE

The integrated tunable wavelength converter’s lasers have
a tuning range of about 22 nm—overlapped spectra for
TAOMI-WC and TAO-WC devices are shown in Fig. 7(a) and
(b). These spectra were recorded through the output facet of
the device, with laser gain sections biased at 85 mA and both
MZI SOAs biased at 200 mA. The tuning range is determined
by the sampled mirror design, and could be extended to 40 nm
by further optimization. The grating depth for TAOMI-WC
devices is lower than for the TAO-WC devices, resulting in
lower presence of the light reflected from the laser’s rear mirror
peaks in the overlapped spectra, shown in Fig. 7(b).

The output of the interferometer can be turned off by
adjusting the bias of the SOA in one of the interferometer
branches, in order to achieve relative phase shift between the
two branches. Fig. 8 shows an extinction map as a function of
the currents applied to the SOAs in the interferometer arms. No
input signal was present for these measurements. In the region
of low bias currents ( mA), for one SOA current set, there
exists a combination of currents where the extinction ratio is
greater than or equal to 20 dB. However, with the increase in the
SOA bias currents, the extinction ratio is reduced to as low as
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Fig. 7. Overlapped spectra for TAOMI-WC and TAO-WC devices.

Fig. 8. Extinction map for electrical control of the TAO-WC.

10 dB at 250 mA on either of the SOAs. This can be explained
by noting that the large difference in power levels emitted from
the two branches of the interferometer when added, even with
totally opposite phase, still yields significant power coming
out of the interferometer. Hence the performance of the device
could be improved by running the SOAs in the interferometer
in deeper saturation, i.e., by increasing the optical power of the
incoming light, while maintaining the same amount of phase
change.

Fig. 9 shows the static electrical transfer functions of the in-
terferometer as a function of integrated laser wavelength. Again,
no input signal was present for these measurements. The bias
current to the common SOA was kept constant at 200 mA while
the bias current to the other SOA in the MZI was varied. As
can be seen, the extinction peaks around the material gain peak
wavelength (which is approximately 1555 nm).

Typical optical transfer curves for both inverting and nonin-
verting modes of operation, for different input wavelengths, are

shown in Fig. 10. In these measurements, the bias of the input
preamplifier was kept constant at 80 mA. The interferometer
set points were chosen based on the static optical characteris-
tics in Fig. 9, at the minimum for noninverting operation (de-
termined by the bias current of 80 mA), and at the maximum
on the left size of the main electrical characteristic notch for in-
verting mode of operation (55 mA, Fig. 9). Then, the power of
the input signal was varied and the output power of the device
recorded. Static extinction ratios measured are better than 8 dB
in the noninverting and better than 16 dB in the inverting mode
of operation. As the transfer curves are highly nonlinear, it is
possible to achieve input signal extinction ratio enhancement,
as long as the extinction ratio of the input signal is lower that
the maximum attainable extinction ratio of the wavelength con-
verter.

The difference in extinction ratios measured for the inverting
and noninverting modes of operation can be explained by ana-
lyzing the device principle of operation. Due to the cross-gain
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Fig. 9. Static electrical transfer function as a function of wavelength
(TAO-WC).

Fig. 10. Optical transfer functions for inverting and noninverting modes of
operation (TAO-WC).

effects in the common SOA of the Mach-Zehnder (Fig. 11), the
device always yields a higher output extinction ratio in the in-
verting mode of operation.

For the inverting mode of operation, the output of the MZI
is on the high level with no probe signal present (Fig. 12). To
reduce the carrier lifetime as much as possible, the bias current
of the common SOA should be the higher of the two MZI-SOA
bias currents. This bias scheme will result in higher CW signal
power at the output of the common SOA. Once the probe signal
enters the common SOA, the gain compression will reduce the
power of the pump signal in the common MZI branch. This
causes two effects—the phase change for the CW signal and
the power level equalization between the two branches of the
MZI, which therefore allow for better extinction, due to better
cancellation of the fields of similar power coming from the two
branches of the SOA. In conclusion, in the inverting mode of
operation, the two signals are added together when they both
carry more power and subtracted when they have similar power
levels therefore yielding high extinction ratio. This is illustrated
in Fig. 12.

For the noninverting mode of operation, the output of the MZI
is on the low level with no probe signal present. To turn the inter-
ferometer off, the two SOAs in the MZI have to be biased differ-
ently, to yield a relative phase shift. However, these different
bias levels will limit the output extinction at the low level, due to
significantly different field intensities in the two interferometer
branches (Fig. 11). Once the probe signal enters the common
SOA, it will cause the gain compression effect which will re-
duce the power of the pump signal in the common SOA and the

Fig. 11. Gain compression in the common SOA (top) no external signal
(bottom) with external signal (TAO-WC).

Fig. 12. Extinction ratio analysis for inverting and noninverting modes of
operation.

phase change. Consequently, signals from two MZI branches
will be added together when power of one of them is reduced
by the cross-gain effects of the probe signal. Accordingly, in
the noninverting mode of operation, the two signals are being
added when they both carry lower optical power, and subtracted
when their power levels are different, due to the necessary dif-
ference in SOA bias currents to achieve the interferometer OFF
state. This effect reduces the maximum obtainable extinction in
the noninverting case (Fig. 12).
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Fig. 13. Linewidth measurement setup.

We can conclude this analysis of the static performance of
the wavelength converter by noting that the extinction of the
MZI can be improved with the capability of adjusting the phase
and the power in the MZI branches independently, as has been
done in [20]. That capability would also reduce the differences
in output extinction ratios between inverting and noninverting
modes of operation.

This extinction ratio analysis holds for the dynamic operation
of the wavelength converter as well.

V. DYNAMIC PERFORMANCE

As pointed out previously, the key issue for PICs that incorpo-
rate integrated lasers is the suppression of coherent back reflec-
tions. Even low levels of back reflections can cause significant
changes in the laser linewidth, which can degrade the device
performance in transmission.

In the first part of this section, TAO-WC linewidth measure-
ment results are presented. Then, results of bit-error rate mea-
surements, the input signal dynamic range, wavelength sensi-
tivity of the wavelength conversion process, bias sensitivity of
the wavelength conversion process, dynamic extinction ratio
and signal regeneration are discussed.

A. Linewidth

Measuring the linewidth of the device provides useful infor-
mation about the limitations of the device performance in real
networks. Relative intensity noise measured after transmission
through fiber indicates that high-frequency white noise deter-
mines the transmission properties of a device [21]. In this paper,
we determine the linewidth of the TAO-WC device directly by
measuring the autocorrelation function of the output light beam.
Direct comparison of our results with the linewidth of a com-
mercial widely tunable SGDBR laser enable us to assess the
wavelength converter properties as well as investigate the po-
tential back reflection issues with the chip. Although optical
low-coherence reflectometry can be used as a more accurate tool
to investigate the origins of particular back reflections on chip,
the information on the linewidth represents a good way of veri-
fying whether any detrimental reflections are present in the de-
vice at all.

The linewidth of a light source can be determined by mea-
suring the autocorrelation function of the output light beam [23].
If the electric field from the output of the device is mixed with
the version of the same field that is delayed by some time , as
long as the phases of two fields are well correlated, the fields
will add coherently [23].

The schematic of the experimental setup used to measure
the linewidth is shown in Fig. 13. The gain section of the

Fig. 14. Linewidth measurement results (a) commercial SGDBR laser.
(b) TAO-WC device.

tunable wavelength converter’s laser is biased at 90 mA, the
booster—SOAs are biased at 45 mA, and the MZI-SOAs are
biased at 200 mA. The light from the output is coupled through
a lens with a built-in isolator, then modulated with a sinusoidal
signal whose frequency is 1 GHz. Then the light is split be-
tween the two branches of the interferometer, decorrelated by
passing the signal from one branch through a spool of fiber,
and finally detected by a photodiode, amplified by an electrical
amplifier and led to an electrical spectrum analyzer. The reason
for spectrally shifting the signal is to eliminate the influence of
the noise. The two recombined incoherent fields generate a
difference frequency signal which contains the combined FM
field noise from both light sources. Therefore, the full width
at half maximum of the spectrum measured represents twice
the laser linewidth, due to the properties of the Lorentzian line
shape [23].

Fig. 14(b) shows the measured FM noise spectrum for the
TAO-WC wavelength converter. The linewidth of the device
corresponding to this measurement is 7.85 MHz. For compar-
ison, Fig. 14(a) shows the measured FM noise spectrum for an
etalon commercial SGDBR laser using the same test setup. The
linewidth corresponding to this measurement is 7 MHz. The
value measured is consistent with the linewidth values that are
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Fig. 15. Results of BER testing for TAOMI and TAO-WC.

specified for this type of laser product. Therefore, the perfor-
mance of the tunable wavelength converter is free of any influ-
ences from coherent back reflections and it is in no way limited
by this factor.

B. 2.5 Gbps Wavelength Conversion

The performance of the first generation of the devices
(TAOMI-WC) is tested using an Agilent photodiode receiver
with a sensitivity of dBm. The input power to the wave-
length converter is kept at 4 dBm. The output power of the
converter is relatively low ( dBm) due to the thermal effects
on the MZI-SOA gain, as well as the longer MZI passive sec-
tions, when compared to the TAO-WC design. For the first set
of measurements, one input wavelength (1545 nm) is chosen,
and 2.5 Gbps NRZ PRBS data are converted onto four
different output wavelengths, set by the device (21 nm range).
Error-free conversion is obtained with maximum power penalty
of 1 dB for the inverting mode of operation, Fig. 15(a). The
bias point of the MZI is adjusted for every pair of wavelengths
in order to maximize the extinction, thus minimizing the power
penalty.

In the subsequent set of measurements, NRZ PRBS
data streams at 2.5 Gbps from different input wavelengths are

converted onto one device output wavelength (1571.5 nm). The
Mach-Zehnder bias is again optimized for best extinction at each
input wavelength. BER curves [Fig. 15(b)] indicate error-free
operation over 50 nm input wavelength range, with a maximum
power penalty of 1.6 dB. While the upper limit of the input
wavelength was set by cross-phase modulation degradation due
to finite SOA gain bandwidth, the lower limit was set by the fil-
ters available to us (1535 nm). Increase in power penalty and eye
noise for input wavelengths above 1565 nm can be attributed, in
part, to the input signal-to-noise ratio (SNR) degradation due
to our nonoptimum L-band amplifier. Gain in the L band was
achieved by using an additional 10 meter long spool of erbium
doped fiber in line with our standard C-band EDFA. This noise
did not affect our back-to-back measurements, since those were
performed without the EDFA. Another cause for power penalty
increase in this wavelength range would be higher ASE noise
levels as the laser is tuned away from the SOA gain peak.

The second generation of devices (TAO-WC) is tested using
a Nortel photodiode receiver with a built-in electrical ampli-
fier, which had a sensitivity of about dBm. The output
power of the converter is significantly higher in this case (
dBm). The main reason for output power increase is the re-
duced heating of the SOAs in the MZI, due to their larger lat-
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Fig. 16. Wavelength dependence of the BER for TAO-WC.

eral separation (70 m for TAO-WC, as compared to 17 m for
TAOMI-WC). For the first set of measurements, one input wave-
length (1565 nm) is chosen, and 2.5 Gbps data are converted
onto 4 different output wavelengths of the device (21 nm range).
The bias point of the MZI is adjusted for every pair of wave-
lengths in order to maximize the extinction, thus minimizing
the power penalty. BER curves [Fig. 15(c)] indicate error-free
operation with little variation in power penalty as a function
of output wavelength. The maximum power penalty was 2 dB.
In the subsequent set of measurements, the data streams at 2.5
Gbps from different input wavelengths are converted onto one
device output wavelength (1572 nm), again, with optimization
of the operating conditions for every wavelength pair. The max-
imum power penalty again is about 2 dB.

Finally, to investigate the change of power penalty as a func-
tion of input wavelength, the TAO-WC is operated with fixed
bias currents and input signal powers, and the wavelength of the
input signal is varied (Fig. 16). The best power penalty of 1 dB
was obtained for the input signal closest to the gain peak of the
SOAs at 1555 nm. For this wavelength, the on-chip preamplifier
SOA would give the highest possible gain at the input and the
effects of gain compression and cross phase modulation in the
common SOA of the MZI would be the most pronounced. The
power penalty was primarily caused by extinction ratio degra-
dation wavelength dependence, due to finite extinction at the
output of dB. The maximum power penalty obtained at far
ends of the gain peak was as much as 3 dB, due to further de-
crease in conversion efficiency and output extinction ratio. Ad-
ditional power penalty is caused by the pattern dependence of
the SOA preamplifiers on chip. The length of the preamplifier
SOAs determines the device sensitivity, with longer SOAs de-
creasing the propagation loss of the input signal. However, long
SOAs will always run in saturation, thereby distorting the input
signal and introducing the pattern dependence in the converted
eye (as seen in Figs. 17 and 18).

C. Device Dynamic Range

Dynamic range of operation can be controlled by the input
SOA length and bias, as well as by the bias set point of the MZI.

Fig. 17 shows the maximum ER values measured as a function
of the data input power. High extinction ratio, greater than 10
dB, can be maintained over 16 dB of input signal power varia-
tion. The inset of Fig. 17 also shows the converted eye for
dBm input fiber power to a TAO-WC device, corresponding to
the converted signal output power of dB in fiber, thereby
reamplifying the signal by 2 dB. Different slopes in the eye di-
agram are due to the different rise and fall times of the pulses,
associated with gain recovery time. The input signal wavelength
was 1555 nm, and the output signal wavelength was 1565 nm.

The current dynamic range is limited by the passive wave-
guide propagation losses and available gain of the input SOA.
Optimizing the epitaxial heterostructure could yield higher
output powers and lower input power requirements, thus in-
creasing the dynamic range and the amount of reamplification.
However, care needs to be taken to minimize the pattern
dependence effects introduced by the proper design of the
preamplifier SOA.

D. Regenerative Properties

Regenerative properties of the SOA-MZI based wavelength
converters are based on their highly nonlinear optical transfer
characteristics. To quantify the regenerative properties of the
tunable wavelength converter (TAO-WC), the input signal’s
extinction ratio was degraded in a controllable manner by
adjusting the EOM bias and the polarization of the light at the
input of the electrooptic modulator used to encode the data.
This signal, with reduced extinction ratio, was then coupled
into the wavelength converter. Significant improvements in
the output extinction ratio are obtained—for input ER of 6.33
dB, the converted signal had an extinction of 12.06 dB in the
noninverting and 12.33 dB in the inverting mode of operation,
Fig. 18. However, decreasing the extinction of the input signal
increased the average input power into the common SOA in
the MZI and thereby reduced the number of carriers and the
gain of the laser signal. Consequently, 6 dBm of input optical
power resulted in only dBm of the output optical power
of the converted signal. On the other hand, device excitation
with the high ER signal at the input (12 dB) provided the
conversion gain of around 2 dB, with dBm at the optical
input and dBm in the converted signal. We believe that
this effect could be overcome by increasing the power of the
SGDBR laser going into the MZI, thereby constantly keeping
the SOAs in the Mach-Zehnder in deep saturation. That would
enable the simultaneous signal reamplification and extinction
ratio improvement which would qualify the tunable wavelength
converter as a 2R regenerator.

E. Chirp Properties

Chirp is the frequency shift occurring in the output pulses of
the wavelength converter. This frequency shift appears mainly at
the edges of pulses, and is caused by the refractive index modu-
lation in the MZI SOAs. Output chirp is an important parameter
for any type of optical regenerator as it will dictate the disper-
sion-limited transmission distance and/or number of regenerator
spans. Low chirp or negative chirp is required for long distance
transmission over standard single mode fiber.
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Fig. 17. Input signal dynamic range.

Fig. 18. Example of extinction ratio improvement.

For time-resolved chirp measurements, the TAO-WC MZI’s
bias currents are optimized for maximum extinction ratio in ei-
ther inverting or noninverting mode of operation at 2.5 Gb/s.
The output of the device is optically filtered and then led into a
time-resolved chirp test instrument. The interferometric method
used for chirp measurement is based on frequency and ampli-
tude change measurements on two different slopes of the inter-
ferometer, in order to obtain the time-resolved frequency change
[21]. The optical output from the instrument is connected to
a high-speed digital oscilloscope, which is used as part of the
setup to perform measurements on the data pattern.

Time-resolved chirp is measured as a function of the input
wavelength, output wavelength (set by the integrated on-chip
laser) and interferometer bias point (inverting, noninverting and
in between). Examples of time-resolved results measured for
noninverting (top) and inverting (bottom) mode of operation
are shown in Fig. 19. Little input–output wavelength depen-
dence of chirp parameter values is observed across the entire

data set. Chirp parameter value and sign depend on the slope of
the transfer function of the wavelength converter in the selected
regime of operation. For noninverting operation, the average
chirp parameter is measured to be for 40 nm input and 22
nm output wavelength range. For inverting mode of operation,
the average chirp parameter is measured to be 1–3 for the same
output wavelength range. Thus, the performance of the wave-
length converter in transmission should consistently reduce the
dispersion power penalty if operated in the suitable mode of op-
eration (based on the fiber dispersion parameter). The chirp pa-
rameter sign measured is consistent with theoretical predictions
[23] and previous results for an XPM-SOA based wavelength
converter [25].

F. Dynamic Performance Analysis

Carrier dynamics in the SOAs of the MZI limited the wave-
length converter bandwidth to 7 Gbps (for TAO-WC). Dynamic
behavior of the chips is a result of the confinement factor of the
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Fig. 19. Examples of time resolved chirp measured: (top) noninverting and
(bottom) inverting modes of operation.

SOAs, the gain properties of the quantum wells used, the SOA
pump current and the photon density in the SOAs. Increasing
the SOA pump currents eventually changes the bandstructure
of the quantum wells through thermal effects, which then leads
to the reduction in differential gain, thereby increasing the gain
recovery time. Therefore, there is an optimum bias current set-
point for the MZI-SOA operation.

The operating speeds observed for TAO-WC device type are
higher than those for TAOMI-WC device due to several dif-
ferences in the device design. First, the length of the passive
sections preceeding the MZI-SOA in the TAO-WC design is
shorter than that in the TAOMI-WC design, allowing for higher
SGDBR-generated CW light intensities to reach the MZI. This
high photon density helps to reduce the gain recovery time by
increasing the optical pumping of the SOAs in the MZI. The
higher speeds are observed in part due to the wider separation
of the MZI SOAs in the TAO-WC device, which leads to lower
heating of these SOAs, causing the differential gain to remain
high.

The main mechanism that can be used to enhance the band-
width of operation in the offset quantum-well platform is further
increase of the photon density in the MZI-SOAs. This has been

Fig. 20. Schematic of the wavelength routing experiment.

demonstrated with an improved device design and operation at
10 Gbps in our more recent work [26].

VI. WAVELENGTH ROUTING DEMONSTRATION

As discussed in the introduction, one of the main applications
of tunable wavelength converters is for the implementation of
optical wavelength routing. Hence, a tunable wavelength con-
verter must be able to reliably convert received signals between
different channels in a WDM network, such as the channels de-
termined by the ports of an arrayed waveguide grating router
(AWGR). As part of this work, a demonstration of wavelength
routing using the TAO-WC device is shown through four dif-
ferent ports in an AWGR, as indicated in the experimental setup
schematic, Fig. 20.

A. Experiment

The transmitter consists of a tunable laser operating at 1555
nm, a polarization controller, and a lithium niobate electro-optic
modulator. An EDFA is placed after the transmitter to amplify
the signal for transmission through 50 km of dispersion shifted
Truewave fiber.

Two conical-tipped lensed-fibers on piezo-controlled transla-
tional stages are used to couple light into and out of the device.
Four wavelengths (1551.9, 1558.6, 1560.0, 1561.6 nm), each
corresponding to a different port on the AWGR, are chosen for
their placement in the C-band and for their relation to the input
wavelength of 1555 nm. Tuning of the device’s output wave-
length is achieved by current injection through the front, phase,
and back mirror sections of the integrated SGDBR laser.

B. Results

For the experimental demonstration, the PRBS data
at 2.5 Gbps is generated using a BERT pattern generator. The
optical power measured in the fiber at the input to the device
is dBm. For each output wavelength, the currents injected
through the SOAs of the device’s MZI arms are adjusted to max-
imize the extinction ratio of the wavelength converted signal.
The extinction ratio is calculated using the eye diagram obtained
by a digital sampling oscilloscope.

Extinction ratios of 12 dB or greater are measured for each of
the wavelength converted signals. BER measurements are taken
after the transmitter, after the 50 km spool of fiber, and at the
output ports of the AWGR for each wavelength using an opti-
cally preamplified receiver whose sensitivity was dBm.
Results of the BER measurements are shown in Fig. 21. Less
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Fig. 21. BER results for the wavelength routing experiment.

than 1 dB of power penalty is observed at a bit-error rate of
for each of the wavelength converted signals.

VII. CONCLUSION

Monolithically integrated widely tunable wavelength con-
verters are PICs whose function is essential for WDM systems,
particularly in applications like optical switching, wavelength
routing, and add/drop multiplexing.

In this paper, we discussed the design, fabrication, and
characterization of the first fully functional monolithically inte-
grated widely tunable all-optical wavelength converters, based
on the SGDBR laser monolithically integrated with MZI-SOA
wavelength converters. Error-free wavelength conversion at
2.5 Gbps is demonstrated over 50 nm input and 22 nm output
wavelength range, with extinction ratio enhancement and signal
reamplification. The devices show linewidth comparable to that
of commercial SGDBR lasers, as well as low negative chirp.

By further optimizing the device design, it is possible to ad-
ditionally improve the device performance, including the max-
imum data rate, the output wavelength tuning range and input
and output powers, while keeping the same simple and robust in-
tegration platform and the single-regrowth fabrication process.
This has been demonstrated with an improved device design op-
erating over a 35 nm output wavelength range and at 10 Gbps
in our more recent work [26].
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