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Abstract—We report on the design and performance optimiza-
tion of a quantum-well active region-based semiconductor optical
amplifier Mach–Zehnder interferometer wavelength converter
monolithically integrated with a widely tunable sampled-grating
distributed Bragg reflector laser, operating differentially at
40 Gb/s. The device is fabricated using an offset quantum-well
platform, requiring a single regrowth. We show error-free opera-
tion, with a less than 3-dB power penalty at the optimal differential
delay, and open eyes across a 25-nm output tuning range.

Index Terms—Mach–Zehnder interferometer (MZI), photonic
integrated circuit, semiconductor optical amplifier (SOA), wave-
length conversion, wavelength-division multiplexing.

I. INTRODUCTION

ULTRAHIGH capacity optical data routing systems are
expected to form the backbone of future networks. The

realization of such systems though, depends on significant
reductions in power, footprint, and cost requirements. One
key function in such systems will be all-optical wavelength
conversion, due to the potential advantages it can offer such as
increased connection flexibility, network capacity, ease of net-
work management, and potential reduction in optical buffering
requirements [1].

Monolithic integration of high-speed all-optical wavelength
converters is a very important step toward meeting the cost
requirements. Semiconductor optical amplifier (SOA)-Mach–
Zehnder interferometer (SOA-MZI)-based integrated wave-
length converters are a good candidate for systems operating
at 40 Gb/s due to the ultrafast carrier-depletion-induced re-
fractive index changes in an SOA. The maximum speed of
the SOA-MZI converters is limited primarily by the carrier
recovery lifetime in the SOAs. An attractive approach that has
been previously demonstrated to overcome the SOA carrier
recovery limitation, and is used in this letter, is a differential
scheme in which the fast carrier-depletion in one arm is used to
switch the MZI on, while the same fast carrier-depletion is used,
after a suitable delay, in the other arm to turn it back off [2]–[5].
An optimized delay is crucial for the chip performance, and a
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Fig. 1. Schematic of the device design showing the different components and
a microscope image of the fabricated device.

detailed study on its influence of the converter performance, to
the best of our knowledge, has not been published before.

In this letter, for our delay study, we used a differential
40-Gb/s widely tunable all-optical wavelength converter
(TAO-WC) with on-board widely tunable sampled-grating dis-
tributed Bragg reflector (SG-DBR) laser fabricated in the offset
quantum-well (OQW) platform [6]. The device schematic
is shown in Fig. 1, along with a microscope image of the
fabricated device. The dimensions of the fabricated device are
0.5 4.8 mm . The OQW integration platform offers a robust
and simple high yield approach for high density integration of
active–passive components on chip. The on-chip tunable laser
source greatly simplifies the operation of the device and allows
us to select the desired output wavelength from the converter
in a fast and power efficient manner. We have previously
demonstrated the operation of wavelength converters in the
OQW platform operating at 10-Gb/s nonreturn-to-zero (NRZ)
[6], [7]. The OQW platform offers an excellent approach for
fabricating complex quantum-well-based low-power consump-
tion photonic integrated circuits. One potential limitation of
this platform is the low confinement factor that results due to
the position of the quantum wells on top and not in the center
of the waveguide [7].

For 40-Gb/s operation reported in this letter, the devices are
redesigned to have shorter preamplifier SOAs (600 m long) to
reduce saturation and pattern-dependent effects while still pro-
viding adequate gain for the input signal. Also, for use in an ex-
ternal differential-delay-based configuration, two input waveg-
uides are needed, which are then bent in opposite directions to
allow easy coupling of two fibers to the input facet. We study
the effect of the differential delay on the performance of the de-
vice and show that selection of the optimal delay is very impor-
tant for this class of devices. The optimal delay value depends
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Fig. 2. Output tuning spectrum showing a few representative output
wavelengths.

on the input pulsewidth and needs to be determined before the
delay can be integrated on-chip.

We also demonstrate that error-free operation can be achieved
at 40-Gb/s return-to-zero (RZ) with a less than 3-dB power
penalty at the optimal delay value. The devices show clearly
open eyes across an output wavelength tuning range of 25 nm,
which is limited by the available erbium-doped fiber amplifier
(EDFA) gain bandwidth in the receiver.

II. DEVICE DESIGN AND OPERATION

The device consists of a widely tunable SG-DBR laser mono-
lithically integrated with an SOA-MZI [7]. The on-chip tunable
laser source greatly increases the functionality and efficiency
of the device and simplifies the operation by providing a stable
continuous-wave (CW) signal, and maintaining a fixed CW po-
larization state. Fig. 2 shows overlaid spectra from the SG-DBR
laser at a few representative wavelengths. The laser itself can be
continuously tuned over this entire range. The SOA-MZI has
1-mm-long SOAs in each branch. The SOA dimensions were
chosen based on our previous experiments [7] to get a large
phase swing in the MZI and fast SOA operation.

We characterize the effect of varying the differential delay
on the performance of the device, and find that selection of
a large enough delay is critical to the performance of the de-
vice. The optimal delay value is determined primarily by the
input pulsewidth and needs to be optimized before the delay
can be integrated on-chip. Fig. 3 shows the experimental setup
for 40-Gb/s wavelength conversion using an external differen-
tial arm. The input signal is obtained by first modulating a CW
source with 40-Gb/s NRZ data, generated using an SHF 40-Gb/s
bit-error-rate tester (BERT). This signal is then converted to
RZ format using a pulse carver to shape the pulses. The mea-
surements in this letter are performed using pseudorandom bi-
nary sequence (PRBS) data. The resulting signal in our
setup has a pulsewidth of 11 ps. The input signal is split into
two paths, which are delayed with respect to each other; this
delay can be controlled in order to control the output pulsewidth
from the TAO-WC. The two versions of the input data are am-
plified using EDFAs and filtered using 2-nm filters to remove
ASE and then coupled into the device by using two lensed fibers
mounted on piezo-controlled translation stages, to couple to the
two input arms of the MZI. The typical coupling loss for our

Fig. 3. A 40-Gb/s wavelength conversion experimental setup.

setup is 4 dB. The input signal is amplified by using SOAs to
get the desired signal power into the SOA-MZI. These pream-
plifier SOAs are among the critical components in these devices.
The slow gain recovery in the preamplifiers leads to pattern de-
pendence that can severely hamper the device performance. It
is, therefore, very important to minimize the pattern dependence
introduced by the preamplifier SOAs. Our current device design
has 600- m-long preamplifiers; the length was chosen to mini-
mize patterning due to saturation effects, while still getting suf-
ficient output power to drive the MZI. Further optimization of
the preamplifier design for integrated high-speed tunable wave-
length converters is a current topic of our research. The oper-
ating point of the wavelength converter is optimized by selecting
the relative delay and gain of the arms. With proper selection of
the relative gain and delay between the arms to balance the phase
change, we use the fast carrier depletion process to turn the MZI
ON and OFF [3]. The output signal of the device is filtered using
a 1.2-nm-wide filter to remove the input signal wavelength and
then sent through a preamplified receiver, as shown in Fig. 3, to
a 50-GHz photodetector. The BER measurements are performed
using an SHF 40-GHz BERT.

III. DEVICE PERFORMANCE

The delay between the pulses greatly influences the perfor-
mance of the wavelength converter. Enough delay is needed to
allow the MZI to achieve enough differential phase swing in
the switching window. If the delay is too small, then the phase
swing in the switching window is low and the output signal
power is reduced, leading to excessive power penalty. It is ex-
pected that to allow for maximum phase swing, the differen-
tial delay should be similar to the input pulsewidth. A longer
delay will not cause a larger eye-opening but will increase the
output pulsewidth, and hence power, also leading to an increased
penalty. The differential delay was varied from 6.67 to 13.33 ps,
and BER measurements were performed. Fig. 4(a) shows the
BER curves obtained at different delay values. We see that as
the delay is reduced below 10 ps, the BER curve tends to move
away from the back-to-back. This can also be seen in Fig. 4(b),
which shows the power penalty obtained at different differen-
tial delay. It can be seen that a delay of around 12 ps is optimal.
As expected, the required differential delay correlates very well
with our input pulsewidth of around 11 ps. A greater delay does
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Fig. 4. (a) BER plots at 40-Gb/s operation for different differential delay.
(b) Power penalty versus differential delay.

not cause any degradation, but as we move toward integrating
the delay on-chip, we need to select the smallest possible delay
to minimize the chip area and passive loss.

We also measured the performance of the device for different
output wavelengths at 40-Gb/s data rates. The input power level
required for our device was around 5 dBm in each input fiber and
the output power was around 10 dBm in the output fiber. The
OSNR of the output signal for a 1-nm optical bandwidth was
29 dB. The preamplifier SOAs were biased at around 80 mA
to reduce the pattern effects and the MZI-SOAs were biased
at 300 mA. We were able to operate the device from 1540 to
1565 nm, and obtain clear open eyes with an extinction ratio
greater than 9 dB. Fig. 5 shows the output eye diagrams for a
set of output wavelengths. The input wavelength was fixed at
1550 nm. The EDFAs and thin film filters in our device testing
setup limited us to wavelengths below 1565 nm, even though
the device itself can tune to wavelengths longer than 1565 nm.

Fig. 5. A 40-Gb/s wavelength converter operation. (a) Input eye 1550 nm.
(b)-(d) Converted eyes at different output wavelengths.

IV. CONCLUSION

In this letter, we demonstrated the 40-Gb/s operation of a
monolithically integrated widely TAO-WC realized in an OQW
platform. We characterized the effect of the differential delay
and showed a power penalty, at error rate, of less than
3 dB at the optimal delay. Error-free wavelength conversion was
performed at 40-Gb/s RZ with an output extinction ratio

dB across a 25-nm output tuning.
The OQW platform allowed robust integration of active–pas-

sive components on-chip. This demonstration of high-speed
wavelength conversion using OQW active-region-based de-
vices and the characterization of the effect of the differential
delay opens the way toward realizing more complex devices,
both in terms of the integration process, and function. The next
generation of these devices is currently being fabricated with
the optimal delay integrated on-chip to realize a monolithic
implementation.
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