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We would like to submit the following paper entitled “Monolithically integrated
40 Gb/s wavelength converter with multi-frequency laser” by P. Bernasconi, W. Yang, L. Zhang,
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This paper describes the first demonstration of a monolithically integrated, tunable wavelength-
switching module operating at 40 Gb/s. The device consists of a fast tunable laser combined with
a high-speed wavelength converter implemented in InGaAsP on InP semiconductor materials.
Significance of the work:
− A fast tunable laser source and a wavelength converter operating at 40 Gb/s are

monolithically integrated on the same InP chip. Previous works are limited to 2.5 Gb/s line
rates. Results at higher bit-rates can be found in the literature but the laser sources are always
external to the chip.

− The highly integrated device has applications in transparent networks for wavelength
interchange and for switching systems using nanosecond scale wavelength switching.

− The stable operation of our laser does not need optical isolators, which makes our approach
very suitable for large-scale integration. Notoriously, DFB- and DBR-like lasers have always
suffered from back-reflection into the laser cavity. Therefore, optical isolators have always
been necessary.
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Introduction

Wavelength conversion is a critical function in advanced WDM networks [1] and switching applications [2]. While
wavelength conversion can be achieved using optical-to-electrical-to-optical (OEO) functionality, at higher data rates
this becomes more challenging to implement compactly and at low power. Wavelength conversion using
semiconductor optical amplifiers (SOA) has been demonstrated as an alternative [3], which does not require high
bandwidth electronic components. However, most of the results reported so far require a separate tunable laser for
the wavelength to which the signal wavelength has to be converted. Integration of the converter with the laser will
reduce the number of components as well as fiber connections and improve the optical power budget. Demonstration
of wavelength conversion devices with an integrated laser has been limited to 2.5Gb/s rates [4-8]. For higher data
rates, the integration of the SOA and Mach-Zehnder interferometer (MZI) [9] or filter structures [10] has been shown
but without an integrated laser source.

This is a first report of a monolithically integrated SOA-based wavelength converter and multi- frequency laser
(MFL) operating at 40 Gb/s.

Device design

Our wavelength-switch module comprises a tunable CW laser source in the form of a multi-frequency laser (MFL)
and a wavelength converter (WC) consisting of a SOA followed by a delay filter, as shown in Fig. 1. The MFL is a
multi-cavity oscillator that combines an array of 1-mm long SOA-based gain sections with a passive arrayed
waveguide grating (AWG) as wavelength dispersion element [11]. The grating is double-chirped both in length and
in angle [12] to provide single-mode operation with high side-mode suppression ratios (SMSR). The wavelength is
selected by driving current into one of the SOAs in the array. This kind of digital tuning makes the MFL very
attractive for fast switching applications such as packet routing [13] since it can be tuned in a few nanoseconds.  The
current laser is designed to provide eight channels spaced by 100 GHz aligned around 1555 nm. Light is extracted
from the cavity via a 3-dB coupler.

The wavelength converter consists of a 2-mm long SOA as non-linear element followed by an asymmetric MZI
filter [10]. In the time domain, this arrangement can be seen as an optical gate: when a pulsed signal λsig enters the
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Fig. 1. Schematic (left) and picture (right) of monolithically integrated wavelength converter (SOA + MZI filter) and
multi-frequency laser operating at 40 Gb/s line rates (κ=0.5).



SOA, amplitude and phase modulation effects will affect the CW wavelength λj emitted by the MFL. If the MZI is
set to let λ j interfere destructively at the output when no λsig is present (closed gate), a modulated λj will disturb the
balanced MZI and open the gate for a period equal to the time delay introduced by the unequal MZI’s arms. This
effectively allows for a pulse to be released from the interferometer on the converted wavelength λj [10]. In the
spectral domain, the same arrangement can be seen as an optically driven modulator (driven by λsig) whose uneven
frequency response is flattened in a first approximation by the use of a MZ filter. The latter should remove the carrier
frequency as well as the low-frequency components typical of the amplitude and phase response of the SOA thus
delivering reshaped and cleaner pulses at λj.  The two points of view are of course equivalent although they may put
the stress more on one aspect rather than on the other. In our device, the delay in the MZI amounts to 10 ps, a value
close to the pulse length of 33% RZ signals and that provides a free spectral range (FSR) of 100 GHz. This removes
the need of frequency tuning the filter (a fine phase balancing is still necessary) when the MFL switches channel. A
similar SOA plus filter approach has been shown before to give good 40Gb/s performance [10]. The filtering scheme
can also be extended integrating more complex filters to achieve improved performance [14,15].

Material structure and fabrication

The chips are fabricated using a passive-active integration scheme with InP-based semiconductor that allows for
monolithic integration of low-loss passive optical waveguides and SOAs. As described in detail in [10], the base
wafers are grown by low-pressure MOCVD and consist of a stack of a graded InGaAsP slab layers (λg = 1 µm to 1.3
µm), a 100-nm thick rib layer (λg =1.3 µm), and an active layer with six compressive strained InGaAsP quantum-
well layers separated by tensile strained (λg = 1.3 µm) barrier layers. In a first step, the active layer is removed
everywhere except for the area occupied by the wavelength converter’s SOA and the laser’s gain sections. Then, the
passive waveguides (arrayed waveguide grating, couplers, and access waveguides) and the SOA mesa are etched.
This is followed by the overgrowth of a current blocking layer, an isolation step, a second overgrowth, and a metal
deposition. The passive waveguides have a typical propagation loss of 0.5-1 dB/cm and minimum waveguide bend
radius of ~600 µm.  Although the passive waveguides show an almost vanishing birefringence, the SOA’s structure
imposes a strong polarization dependence of the gain. The access waveguides at the facet are angled by 7o to
suppress reflections while the laser cavity is formed by cleaved facets. No AR-coating had been applied at the time
of characterization. The final device, 6.5 mm x 4 mm in size, was mounted on a TEC and packaged with input and
output lensed fibers.

Device characterization and results

The MFL provides eight wavelengths spaced by 99.6 GHz around 1553 nm as shown in Fig. 3. There, the MZI filter
is tuned via thermo-optic phase shifter so that the MFL’s wavelengths sit at the transmission peaks of the filter. The
ASE background is produced by the wavelength converter’s SOA. In an unpackaged device, a SMSR better than 35

Fig. 3.  BER measurements of eight converted
signals and back-to-back (BB).

Fig. 2. Overlapped spectra of the 8 MFL’s
wavelengths. OSA resolution: 0.05 nm.

Fig. 4. Example of 40Gb/s wavelength
converted eye diagram. (20ps/div)



dB is measured and a fiber coupled power of –3 dBm is obtained indicating an on-chip power of several dBm in
single-mode operation. The threshold current ranges between 35 and 40 mA per SOA while for normal operation
these are increased to 150 mA for the common SOA and 90-110 mA for the wavelength selecting SOAs in the array.
The MZI filter with a FSR of 99.7 GHz can provide ~28 dB of extinction.

The wavelength conversion performance of the device is evaluated through BER measurements. The signal
source is a 40 Gb/s modulated RZ signal (PRBS 215-1) at 1559.0 nm with pulse length of ~3 ps. The signal is initially
amplified by an EDFA and the ASE is partially removed by a 3-nm wide filter. Input power and polarization are then
adjusted before feeding the signal into the wavelength-switch module. The input power in the fiber is set between
+12.5 and +13.5 dBm in order to compensate for the high insertion losses due to Fresnel losses (~1.5 dB), mode
mismatch (~3 dB), and the fiber misalignment (~8 dB) that occurred during epoxy curing. We estimate the required
power on the chip to be of the order of 0 dBm. The 2-mm long wavelength converter SOA is pumped with 350 mA.
The output wavelength is selected by switching the MFL’s SOA in the array and by fine tuning the output MZI filter
via the thermo-optic phase shifter. The output power of the converted signals after the 1-nm wide filter ranges from
–16 to –18 dBm as a result of filtering due to the integrated MZI and ~10 dB coupling losses (Fresnel: ~1.5 dB; fiber
misalignment: ~8 dB). The signals are eventually pre-amplified, detected by an optical front-end with 30 GHz
electrical bandwidth and coupled to a 40 Gb/s demultiplexer.

The results are summarized in Figs. 3 and 4.  Error-free conversion is achieved for all eight converted channels
with power penalties between 3 dB and 5.5 dB at BER = 10-9. A better performance is expected when using a
narrower filter before the receiver and by reducing the coupling losses at the device’s output, to improve the received
optical signal-to-noise ratio.

It is worth noting that this integrated wavelength-switch module does not require optical isolators to prevent
back-reflection from reaching the MFL and destabilizing the laser operation. In fact, thanks to the MFL’s geometry,
any back-reflection outside the laser channel bandwidth is automatically filtered by the AWG and absorbed by the
inactive SOAs. In-band reflections do not seem to generate instabilities either. This remarkable property will
facilitate the integration of laser sources into monolithic chips containing more and diversified functionality and
allowing for large-scale optical integration.

This work is partially funded by the DARPA DOD-N program under contract FA8750-04-C-0013.
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