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Abstract—In this paper, we present the details of a mono-
lithically integrated filterless wavelength converter based on
photocurrent-driven technology. The device consists of an inte-
grated tunable laser transmitter and an optical receiver. The trans-
mitter includes a sampled-grating distributed-Bragg-reflector
laser, an electroabsorption modulator, and a semiconductor op-
tical amplifier. The optical receiver employs two semiconductor
optical amplifiers and a quantum-well p-i-n photodetector. The
wavelength converter is characterized at 10 Gb/s over a variety
of bias conditions at various input-power levels in various digital-
system experiments. Bit-error-rate measurements at 10 Gb/s over
an output tuning range of 32 nm between 1531 and 1563 nm
show power penalties less than 1 dB. Similar experiments over
an input wavelength range of 25 nm from 1535 to 1560 nm show
a power penalty less than 2.5 dB. For a wavelength conversion
from 1548 nm to a range of output wavelengths between 1531 and
1563 nm, the facet-to-facet gain ranges from 9 to 13 dB, neglecting
fiber coupling losses.

Index Terms—Monolithic integrated circuits, optoelectronic
devices, wavelength conversion, wavelength-division multiplexing.

I. INTRODUCTION

S BIT RATES and data-traffic levels scale in optical

communication systems, dynamic wavelength manage-
ment is viewed as critical to reduce blocking probabilities and
provide an added flexibility to network architectures. Currently,
dynamic wavelength switching is performed with the use of
optical-electrical-optical (OEO) repeaters that are placed at
high-traffic-network nodes. While these repeaters have been
shown to be a viable solution at bit rates of up to 10 Gb/s and
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are currently moving toward 40 Gb/s, they suffer from a variety
of drawbacks. Repeaters usually consist of several discrete
components that have been copackaged together to perform
wavelength management. Although this approach does allow
for individual optimization of each discrete device, it suffers
from inherent insertion-loss issues that occur when multiple
components with different optimal optical-mode profiles are
connected together. The narrow alignment tolerances that are
created by these mismatched optical interfaces lead to complex
packaging requirements that add cost and production time
before the device can be brought to market. The other key
drawback to the OEO repeaters is their inherent dependence on
electronic circuit components. Particularly at high data rates,
electronic circuit elements can be quite complex and require
significant amounts of power [1].

As an alternative to using these OEO repeaters for
wavelength-switching functionality, several monolithically
integrated small-form-factor all-optical wavelength-switching
elements have been proposed and demonstrated. Integrated
devices that can combine several functionalities together on a
single photonic chip offer significantly lower packaging costs
with reduced power dissipation along with the potential for
eliminating complex electronics. Examples of these integrated
devices and the technologies that are utilized for wavelength
switching include cross-gain and cross-phase modulation
using optical amplifiers in interferometric structures [2], cross-
absorption and photocurrent effects in electroabsorption mod-
ulators (EAMs) [3], photocurrent-based optical gates [4], and
wave-mixing approaches in fiber and optical amplifiers [5].
In the case of the photocurrent-based optical gates, excellent
switching performance has been demonstrated with extinction
ratios (ERs) in excess of 10 dB and bit rates of up to 500 Gb/s.

Recently, several of these wavelength-switching elements
have moved toward incorporating even more functionality
onto a single small-form-factor device. Of particular interest
in terms of adding new capabilities is an on-chip laser source
[6]. Adding a laser to the integrated wavelength converter is
attractive since it can reduce optical loss and potentially lower
packaging costs. However, the integration of an on-chip laser
source presents a new set of challenges. Previously, a filterless
wavelength conversion using cross-absorption, cross-phase,
and cross-gain effects simply mandated counterpropagating
optical pump and data signals. With an integrated laser, this
is more challenging since the stability of the optical source
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requires tight control of any optical feedback. Several potential
solutions to this issue have been proposed and demonstrated.
These include cascaded wavelength converters, dual-order-
mode approaches and multimode-interference (MMI)-based
filtering [7], [8]. However, it has been difficult to demonstrate
a fully transparent single-stage solution due to optical beating
effects between the on-chip pump and data signals when
wavelength switching is not desired [7].

As a solution to these filtering issues, a set of devices has
been demonstrated using a photocurrent-driven approach where
an on-chip optical receiver is used to drive a monolithically
integrated EAM and tunable laser [9]. Similar to the other
wavelength-conversion techniques, this device does not require
electronics aside from a simple bias tee and a load resistor.
However, the key benefit to this approach is that the optical
input and output signals are physically separated from one
another. This eliminates the possibility of optical interference
between common wavelength input and converted signals.
Furthermore, the integration of a tunable source allows for
broadband wavelength conversion.

In this paper, we describe in detail the characterization
and digital-switching performance of a monolithically inte-
grated EAM-based photocurrent-driven wavelength converter
(PD-WC). The device incorporates a widely tunable laser and a
high-gain broadband optical receiver, which makes it ideal for
wavelength switching with complete wavelength transparency
with no optical filtering requirements regardless of input or
output wavelength. Although this device has successfully been
used for 2R ER regeneration and signal reamplification [10],
and 3R regeneration including 2R regeneration with signal
retiming [11], this paper focuses on the wavelength-switching
aspects of the PD-WC without regeneration.

II. DEVICE OVERVIEW

The PD-WC used in this paper consists of a monolithi-
cally integrated optical receiver and a tunable transmitter in
a parallel-ridge architecture. A scanning-electron-micrograph
(SEM) image, along with a functional schematic of the device,
is shown in Fig. 1. The transmitter ridge includes a widely
tunable sampled-grating distributed-Bragg-reflector (SGDBR)
laser [12], a 550-um semiconductor optical amplifier (SOA),
and a 400-um EAM. The receiver ridge contains a set of
two SOAs and a 50-pm-long quantum-well (QW) p-i-n pho-
todetector. The photodetector ridge width is linearly tapered
from 12 to 3 pum for an increased saturation current while
maintaining a relatively low capacitance. The first SOA is
600 pm long and 3 pm wide. The second SOA is 400 pm long
and has an exponentially flared waveguide width (3—-12 pm).
This geometry enhances the 1-dB output-power compression
of the amplifier, as described in Section IV-A of this paper.
A Ti/Pt/Au metal line connects the photodetector and EAM
contacts. A common dc bias is applied to both EAM and QW
p-i-n through an external bias tee. The EAM and QW p-i-n
share an electrical ground. A 50-2 load resistor on the RF port
of the bias tee sets the device bandwidth.

The wavelength-conversion process begins when light is
coupled into the receiver waveguide and is amplified by the two
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Fig. 1. (a) SEM of integrated PD-WC. The receiver section contains two
SOAs and a QW p-i-n photodetector. The transmitter contains a widely tunable
four-section SGDBR laser, a transmitter SOA, and an EAM. (b) Operating
diagram of integrated PD-WC, including the details of the receiver amplifi-
cation process and the wavelength-conversion process.
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Fig. 2. ISSR for the PD-WC operating with an input fiber-coupled power
of —11 dBm and an input wavelength of 1548 nm. The output wavelength is
1553 nm.

on-chip receiver SOAs. After the receiver SOAs, the amplified
input is detected by the reverse-biased QW p-i-n photodetector.
The 35-pm-long Ti/Pt/Au interconnect routes the amplified
photocurrent signal from the photodetector to the EAM on the
transmitter ridge and from the bias tee to the load resistor. The
photocurrent drops across the load resistor, inducing a voltage
change on the EAM. This voltage modulation changes the EAM
transmission characteristics, thus transferring the input signal
from the receiver to the output wavelength of the tunable laser.

To demonstrate the filtering characteristics of this device, a
set of optical spectra from the output of the PD-WC was col-
lected using an optical spectrum analyzer (OSA). The collected
spectra are shown in Fig. 2. The “converted signal” data trace
shows an output spectrum from the fully operational PD-WC
tuned to an output wavelength of 1553 nm. In this case, the
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receiver SOAs are biased at 6 kA/cm?, both the QW p-i-n and
EAM are biased at —2 V, and the SGDBR and postamplifier
SOA are biased at 100 and 130 mA, respectively. For an input
signal to the integrated receiver at 1548 nm with —11 dBm
of fiber-coupled optical power, the output spectra from the
PD-WC show no indication of the input signal. The small peaks
in the converted signal are a result of the mirror reflectivity
spectrum in the SGDBR laser.

For the “input signal” curve, the output from the wavelength
converter is shown with the transmitter turned off but with the
receiver amplifiers and QW p-i-n biased as in the “converted
signal” case with the same input power (—11 dBm). The “input-
signal” case represents the amount of light that manages to pro-
pagate from the input to the receiver then to the output lensed
fiber that collects the wavelength-converted signal from the
transmitter. Taking the ratio of the peak power from the PD-WC
in the “converted signal” case to the peak power in the “input-
signal” case gives the input-signal suppression ratio (ISSR). For
the PD-WC, the results from Fig. 2 show an ISSR > 50 dB.

III. INTEGRATION PLATFORM

The wavelength converter is fabricated in the InP/InGaAsP
material system using a dual-QW (DQW) integration platform
[13]. A schematic of the epitaxial layers used in device fabrica-
tion is shown in Fig. 3. This platform is similar to the commonly
used offset-QW (OQW) integration approach where a set of
QWs above an optical waveguide region is used for optical
gain and subsequently selectively removed to form the EAM
and passive waveguide routing regions. The removal step is
followed by a single metal-organic chemical vapor deposition
InP regrowth over the entire wafer after which shallow ridges
are patterned and etched.

In the DQW approach, the optical waveguide layer includes
a second QW stack that has been shown to enhance modulation
efficiency, increase device bandwidth, and reduce chirp of the
integrated EAMs compared with the Franz—Keldysh modula-
tors available on the OQW platform [14].

The OQWs above the waveguide layer consist of 7 X
6.5 nm compressively strained wells and 8 x 8 nm tensile-
strained barriers. The photoluminescence (PL) peak is at
1550 nm. The waveguide QW stack consists of 7x 9 nm
compressively strained wells and 6x 5 nm tensile-strained
barriers with a PL peak of 1480 nm. The PL of the waveguide
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Fig. 4. Modal gain for OQW and DQW platforms. Results are from pulsed
measurements of 50-pum-wide BALs.

wells has been selected to minimize the added optical loss that
results from the Urbach tails of the waveguide and OQW stacks.
The band offsets of the waveguide QWs are shallow to limit
carrier screening effects in the reverse-biased EAM regions and
to facilitate an efficient transport of the injected carriers through
the waveguide region into the offset wells under forward-bias
conditions. The upper and lower most 50 nm of the waveguide
layer are Si-doped at 5 x 106 cm~3.

To measure the effect that the QW addition into the
waveguide has on the laser performance, pulsed measurements
of the differential efficiency and threshold current were per-
formed on a set of DQW and OQW broad-area lasers (BALSs)
and narrow active ridge lasers (RL) using a cutback technique.
These measurements were used to extract a material gain curve
along with the laser injection efficiency. The OQW test lasers
have a waveguide layer with a 1.4-pm bandgap and are uni-
formly doped 2 x 107 cm~2 n-type with Si. The results from
the DQW and OQW BAL test structures are shown in Fig. 4.
Transparency current density and extracted material gain were
269 A/cm? and 764 cm™!, respectively, for the DQW platform.
For the OQW devices, the transparency current density was
246 A/cm?, and the material gain was 826 cm~ L, Using the RL
differential efficiency and threshold current data, the injection
efficiencies were 73% and 75% for the OQW and DQW struc-
tures, respectively. The excellent agreement in the data between
the two platforms indicates only minimal parasitic effects on
the carrier transport properties for the active laser regions and
optical amplifiers when adding the QWs into the waveguide.

The propagation loss has been measured for the DQW plat-
form over a broad wavelength range using a long waveguide
with identical periodic photocurrent monitoring structures.
The loss is extracted as the ratio of the photocurrents at a
fixed distance at each specific wavelength. The results for the
wavelength-dependent loss are shown in Fig. 5. The exponen-
tial increase in the loss is consistent with what is expected from
the Urbach tail of the waveguide QWs [15].
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Fig. 5. Passive/EAM region propagation loss (units of per centimeter) at
various operating wavelengths. Measurements were performed with integrated
periodic tap structures.

IV. INTEGRATED RECEIVERS

The integrated wavelength-converter receiver consists of two
SOA preamplifiers followed by a 50-pum QW p-i-n photodetec-
tor. The amplifiers and photodetector utilize the same OQWs as
in the SGDBR laser gain and are either forward- or reverse-
biased depending on whether gain or absorption is desired.
Since the offset wells are compressively strained for opti-
mal laser performance, the integrated receiver is polarization-
sensitive with preferential gain for transverse electric (TE)
guided modes. This issue could be circumvented by us-
ing a blanket growth and subsequent selective removal of
a polarization-insensitive offset gain region, similar to that
employed for unitraveling carrier photodetectors and low-
confinement SOAs [16].

A. Integrated Optical Amplifiers

The two on-chip receiver SOAs are designed to amplify the
input signal to the device before the QW p-i-n photodetector.
For a highly linear and efficient design, this amplification
process must be completed while simultaneously minimizing
dissipated electrical power and avoiding optical saturation ef-
fects. To avoid optical saturation effects, the dimensions of the
amplifiers are selected to keep the optical power at any point
along each SOA at or below the 1-dB compression point. To
minimize electrical power dissipation, the physical dimensions
of the amplifiers are kept as small as possible without violating
the optical saturation power requirements. This receiver is
designed for a current density of 6 kA/cm?. A plot of an am-
plifier gain as a function of the SOA length for 3-pum-wide am-
plifier is shown in Fig. 6. A plot of a measured and predicted
amplifier output power as a function of the waveguide width
and current density is shown in Fig. 7. The amplifier-gain
predictions use a many-body-gain model described in [17].

The first SOA in the integrated receiver is 3 pm wide and
600 pum long. This amplifier width is selected to balance the
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Fig. 7. Measured and simulated 1-dB gain-compression output powers for
integrated receiver SOAs at an operating wavelength of 1548 nm with TE
polarized light for various ridge widths and current densities.

waveguide propagation loss with the dissipated power. If the
waveguide is too narrow, the propagation loss that results from
a large modal overlap with the sidewalls becomes significant.
The additional loss competes with the amplifier gain, and an
increase in the total current (and hence electrical power) is re-
quired to compensate the waveguide sidewall effects, as shown
in Fig. 7. However, if the waveguide is too wide, the physical
dimensions of the device require a larger total current to achieve
the same current density. The case of wide amplifiers is par-
ticularly problematic since the power dissipation varies as the
product of the square of the applied current and the series
resistance of the diode. It should be noted that wider amplifiers
do have lower series resistance, but the decrease in resistance
counteracts only one of the applied current terms, and the
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Fig. 8. Optically illuminated QW p-i-n IV characteristics. The input signal
wavelength is 1548 nm, and the polarization is the TE. The receiver input-power
levels are —9 and —5 dBm.

overall power dissipation still linearly scales with the amplifier
width.

The measurements of the propagation loss show a sharp
increase from 6 to 10 cm™! at 1548 nm wavelength when the
waveguide width is reduced from 3 to 2.5 pym. For the wider
waveguides (5 pum), the propagation loss is only decreased from
6 to 5 cm™! at the same wavelength. To keep the waveguide
as small as possible without the introduction of an excess scat-
tering loss, the waveguide width of the first amplifier is fixed
at3 pm.

The second receiver amplifier is 400 pm long and uses an
exponentially flared waveguide width (from 3 to 12 um) to
allow the optical mode to laterally expand. As the modal cross-
sectional area increases, the photon density in the OQW stack
remains fixed, delaying the amplifier saturation effects and
allowing the total waveguide power in the amplifier to increase
beyond the 1-dB gain compression of a fixed width 3-pm-wide
SOA. For a 12-pm-wide SOA, the output 1-dB gain compres-
sion is +17 dBm.

Given that the total length of the entire preamplifier is
1000 pm, the estimated gain for both integrated SOAs is
20.5 dB. It should be noted that although the results from
the many-body-gain model shown in Fig. 7 predict further en-
hancements in the output-power gain compression, significant
heating issues prevented the bias conditions from exceeding
6 kA/cm?®. Improvements such as in flip chip that is bonding
the PD-WC and using a conducting substrate for low device
resistance would provide significant improvements in terms of
increasing the bias current to the receiver amplifiers.

B. Integrated QW p-i-n Photodetectors

The QW p-i-n photodetector consists of a reverse-biased
region that contains the OQWs. The device is 50 ym long with
a waveguide width that is linearly tapered from 12 to 3 ym.

Optically illuminated current-voltage (I—V") characteristics
for the integrated photodetector in the PD-WC receiver are
shown in Fig. 8. For a CW signal that is fed into the receiver
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Fig. 9. Measured network-analyzer bandwidth and response of QW p-i-n
photodetector test devices. Results show > 42-mA average photocurrent with-
out bandwidth degradation.

at 1548 nm and for the SOAs that are biased at 6 kA/cm?,
the QW p-i-n generates a uniform amount of photocurrent for
the applied reverse-bias conditions increasing beyond approx-
imately —1 V. This is an important characteristic since this
allows the reverse bias applied to both the QW p-i-n and EAM
to be selected independent of concerns for improving the QW
p-i-n absorption efficiency. Eliminating these concerns makes it
possible to select the bias of the wavelength converter based on
the EAM efficiency optimization.

Although these devices can be highly absorbing at low bias,
the QW p-i-n structures typically suffer from front-end satu-
ration and carrier screening effects under high optical powers
[18]. To counteract these effects, the wide-area detectors have
been shown to reduce the optical photon density at the absorb-
ing medium by spatially spreading the optical mode in a similar
manner to what is employed for the on-chip receiver amplifiers.
Using this technique in the standard OQW integration platform,
the QW p-i-n photodetectors have previously demonstrated
10 Gb/s operation with output voltage swings of 0.8 V peak
to peak across a 50-€2 load [19].

To investigate the properties of the wide-area DQW-platform
QW p-i-n photodetectors, several test devices have been fab-
ricated, which are 100 pm long and 12 pm wide. The results
of the 50-(2 terminated S5, optical-to-electrical bandwidth as
a function of the applied bias and detected photocurrent are
shown in Fig. 9. Up to 42 mA of the average photocurrent
can be accommodated in the QW p-i-n structures before the
bandwidth of the device is degraded at an applied bias of —3 V.

C. Integrated Receiver

The fully integrated receiver dc gain, including both the SOA
gain and the QW p-i-n quantum efficiency, is shown in Fig. 10
for a range of CW input powers at a wavelength of 1548 nm.
The results show 20.1 dB of unsaturated optical gain at an ap-
plied current density of 6 kA/cm?. The input- and output-power
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Fig. 11. Overlaid SGDBR fiber-coupled output spectra showing tuning from
1532 to 1575 nm and output powers from +5 to —3 dBm. Laser gain and SOA
postamplifier are both biased at 100 mA. Fiber coupling loss is 4.2 dB.

levels, where the amplifier gain rolls off by 1 dB, are —4 and
+16.1 dBm, respectively.

V. INTEGRATED TRANSMITTERS

The transmitter section of the wavelength converter consists
of a four-section widely tunable SGDBR laser along with a
backside absorber, a 550-um-long postamplifier SOA to boost
the laser output power, and a 400-pym-long EAM. The over-
laid transmitter output spectra, with the laser gain and SOA
postamplifier biased at 100 mA each, are shown in Fig. 11. The
fiber-coupled output-power levels range between +5 dBm at
1560 nm and —3 dBm at 1532 nm. The fiber coupling loss was
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Fig. 13. Broadband dc extinction characteristics of 400-pm-long DQW EAM.
Measurements are performed by tuning the SGDBR to the indicated wavelength
and fiber coupling the output to an optical power meter.

4.2 dB. The on-chip light versus current and the IV character-
istics from the SGDBR laser were measured by reverse biasing
the postamplifier that follows the laser and are shown in Fig. 12.
The SGDBR output power at 1550 nm is > 20 mW with a gain
bias on chip of 160 mA.

The EAM dc extinction and the slope efficiency over a range
of wavelengths are shown in Figs. 13 and 14, respectively. For
the 400-um-long EAM, a greater than 8-dB/V slope efficiency
is observed over a 30 nm wavelength range with an absolute
extinction ranging from 25 to 45 dB at a reverse bias of —4.5 V.

The 50-€2 terminated Sy, electrical-to-optical bandwidth of
the 400 -um-long EAM was 11 GHz and showed little vari-
ation with up to 17 mA of average photocurrent as discussed
in [13].
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Fig. 15. Optical-to-optical S21 bandwidth measurements for the integrated
PD-WC with an external 50-Q2 termination. The input and output wavelengths
are 1548 and 1555 nm, respectively.

VI. DYNAMIC WAVELENGTH-CONVERTER
MEASUREMENTS

The integrated wavelength converters described in Section II
were thinned, cleaved into bars, antireflection (AR)-coated,
wire-bonded, and mounted on copper studs for testing. For
characterization of the PD-WCs, the receiver SOAs are biased
at 6 kA/cm?, and the laser gain and the transmitter postamplifier
are biased at 130 and 100 mA, respectively.

The optical-to-optical 3-dB bandwidth of the 50-Q2 termi-
nated PD-WC was measured using a 20-GHz network analyzer
for a conversion from 1548 to 1555 nm. The results can be seen
in Fig. 15 and show a 3-dB bandwidth of approximately 7 GHz
with a reverse bias of —2.5 V. Although not included in the plot,
the bandwidth of the PD-WC is relatively insensitive to reverse-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 12, DECEMBER 2007

14 i ; i i ! j 1 2

Output Extinction Ratio (dB)
Average Output Power (dBm)

Converted

EBack tio bac

12 10 -8 -6 -4 -2 o?

On-chip Input Power (dBm)

%6 4

Fig. 16. Average fiber-coupled output power and ER for the integrated
PD-WC as a function of the receiver input power. The applied reverse bias
is —2.2 'V, and the output wavelength is 1555 nm. The eye diagrams are for
back-to-back and wavelength-converted signals with —7-dBm receiver input
power.

bias levels in excess of —1 V. The low-bias dependence is due
to the low doping levels in both the EAM waveguide and the
OQWs and to the high doping in the InP n-buffer layer (Fig. 3).
Once the applied voltage is sufficient to deplete the EAM and
QW p-i-n waveguides, the doping in the buffer (Si at 1 x
108 cm~3) prevents the depletion width in these components
from increasing as the bias voltage is increased. The fixed
depletion width clamps the depletion capacitance and preserves
the RC' time constant that controls the PD-WC bandwidth.

To characterize the switching performance of the PD-WC,
the receiver input power, the output wavelength, and the applied
dc-bias conditions have been varied, and the wavelength-
converted output-signal ER and output power have been
measured. The converted ER is measured in the eye diagram
where the separation between the “one” and “zero” levels is at a
maximum. Characterization is performed with a 1548 nm input
signal at 10 Gb/s using a 23! — 1 psuedorandom bit stream
(PRBS). The light from an optical transmitter is fed through an
erbium-doped fiber amplifier, an optical filter (0.35 nm), and a
polarization controller before it is launched into the device
using a lensed fiber. The output PD-WC extinction and
output-power characteristics are measured by examining the
fiber-coupled optical output into a component analyzer.

The effect that increasing the input power to the receiver has
on the wavelength-converted extinction and average converted
fiber-coupled output power is shown in Fig. 16. In this
experiment, the reverse bias is —2.2V. The input wavelength is
1548 nm, and the output of the PD-WC is 1555 nm. The eye
diagrams are included in the figure for the back-to-back and
wavelength-converted signals with an input power of —7 dBm.

As the input power to the receiver increases, both the ER
and the output power gradually improve and then level off at
12 dB and +0.5 dBm, respectively.

The shape of the ER response is due to a combination of
EAM efficiency effects and receiver saturation effects. For low
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input powers where the receiver SOAs can operate in their
linear regime, the increases in the input power create corre-
sponding increases in the photocurrent from the QW p-i-n and,
hence, an increasing voltage over the load resistor. This increase
in voltage generates larger swings in EAM transmission and
results in larger PD-WC ERs.

However, as the input power to the receiver continues to
increase, several factors begin to limit device performance. As
voltage swings from the receiver get larger, the integrated EAM
is driven well beyond the optimal slope efficiency point in
Fig. 14. Under these conditions, even though the preamplified
receiver is continuing to generate larger photocurrent levels, the
reduced EAM efficiency leads to smaller incremental increases
in the PD-WC extinction.

The other factor that plays an important role in the
wavelength-converter extinction is the receiver preamplifier
response (Fig. 10). As the input powers approach the amplifier
saturation power, the optical gain from the receiver is degraded.
Under these conditions, the shape of the amplified signal to
the photodetector becomes distorted by the gain overshoot, and
the photocurrent that is used to drive the integrated EAM adds
significant noise to the converted signals, distorting the ER
from the PD-WC.

The average output-power characteristics from the wave-
length converter, which are shown in Fig. 16, are controlled
by a combination of the EAM “OFF” state and slope efficiency.
For low input powers, the output power from the PD-WC
initially increases before finally rolling over due to the EAM
slope-efficiency degradation and amplifier saturation. Since the
extinction and the output power for the fixed-bias conditions
used in Fig. 16 do not significantly improve beyond an input
power of —7 dBm, further device characterization is performed
at this input power.

In the next set of experiments, the wavelength-converter
output-power and ER performance is characterized over a
range of electrical bias voltages and over a range of output
wavelengths using the —7 dBm input power. The results are
shown in Figs. 17 and 18 for the wavelength-converted ERs
and the average output powers, respectively. Over the output
wavelengths ranging from 1533 to 1564 nm, greater than
10-dB extinction is achievable by setting the appropriate
reverse-bias conditions. For a particular output wavelength,
as the reverse bias is moved toward the bias conditions that
correspond with the maximum EAM slope efficiency (Fig. 14),
the output extinction is improved. However, as the bias is
increased and the output extinction improves, the output power
from the wavelength converter is reduced. For the 10-dB
extinction at output wavelengths of 1533, 1545, 1555, and
1564 nm, the corresponding reverse biases required are —1.35,
—1.6, —1. 9, and —2.4V, and the output powers at these biases
are —5.2, —2.6, —1, and —0.5 dBm, respectively.

VII. DIGITAL-SYSTEM EXPERIMENTS

To examine the performance of the integrated wavelength
converter in a digital transmission system, a set of bit-error-
rate (BER) measurements was performed using the test setup
shown in Fig. 19. In the first set of measurements, the input
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Fig. 17. Average fiber-coupled output power versus wavelength and reverse
bias. The 10-dB ER bias points are —1.3, —1.7, —2.2, and —2.3 V for 1533,
1545, 1557, and 1565 nm, respectively. The input wavelength is 1548 nm, and
the input power is —7 dBm.
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Fig. 18.  Wavelength-converted ER from the PD-WC. The bias points for the
10-dB ER are —1.2, —1.6, —1.9, and —2.4 V at output wavelengths of 1533,
1545, 1557, and 1566 nm, respectively. The input wavelength is 1548 nm, and
the input power is —7 dBm.

power to the PD-WC receiver is identified, which minimizes
the system power penalty for a conversion between 1548 and
1563 nm. This input power is then used to perform wavelength
switching between a single input wavelength and a range of
output wavelengths, followed by switching from a range of in-
put wavelengths to a single output wavelength. The BER mea-
surements were performed using a 23! — 1 PRBS at 10 Gb/s
with nonreturn-to-zero data. The SGDBR bias conditions and
receiver-amplifier bias conditions are the same, as outlined in
Section VI.

The first set of BER measurements is used to identify the
input power to the PD-WC that will give the minimum power
penalty for wavelength switching between 1548 and 1563 nm.
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Transmitter (A = 1548 nm)
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Fig. 19. Test setup used for digital-system experiments. For experiments
where a nonfixed wavelength input source is used, the transmitter light source
(Ain) is replaced with a tunable laser.
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Fig. 20. Wavelength-converted and back-to-back BER measurements for var-
ious input powers at a reverse bias of —3.1 V. The input and output wavelengths
are 1548 and 1563 nm, respectively.

In these experiments, a fixed reverse bias is applied to the EAM
and QW p-i-n for the maximum EAM efficiency (—2.8V). The
results for these BER experiments are shown in Fig. 20 for
input-power levels of —7.5, —10.5, —11.2, and —12.8 dBm.
The power penalty for each PD-WC input power is calculated
as the difference in optical power into the external receiver
that is required for a BER of 10~ between the wavelength-
converted signals and the signals from the transmitter in the test
setup (back to back). As the power to the receiver increases
from —12.8 to —11.2 dBm, the BER results show that the
power penalty decreases. However, as the receiver power is
increased from —11.2 to —10.5 dBm, then to —7.5 dBm, the
power penalty actually increases despite an increase in the
wavelength-converted signal ER. The increase in the power
penalty with higher input powers is accompanied by a change
in the BER slope. The change in the slope of the BER curves
at higher input powers indicates a redistribution of the noise
statistics through the device and most likely comes as a result of
the saturation effects in the receiver preamplifier. This behavior
is not necessarily unexpected as other authors have seen similar
noise redistribution for preamplified receivers operating below
their 1-dB gain-compression points [20]. The power penalty as
a function of the input power and the wavelength-converted
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Fig. 22. BER measurement results for the PD-WC with an input power of
—11 dBm and various output wavelengths. Bias conditions are adjusted to
achieve 8-9-dB ER. The input wavelength is 1548 nm.

signal ER for output signals from the PD-WC are shown in
Fig. 21. The figure also contains the wavelength-converted eye
diagrams corresponding to each input-power level. In the eye
diagrams, the additive noise on the “one” level at the higher
input powers is a result of the receiver SOA gain overshoot and
most likely contributes to the noise redistribution seen in the
BER results in Fig. 20.

Using the optimized input-power level (—11.2 dBm), the
wavelength-conversion BER experiments were performed us-
ing an input signal at 1548 nm and an output wavelength
ranging from 1531 to 1564 nm. The results are shown in Fig. 22.
The reverse-bias points at output wavelengths of 1563, 1553,
1542, and 1531 nm were —2.9, —2.7, —2.0, and —1.5 V, re-
spectively, and were selected to achieve wavelength-converted
ERs between 8 and 9 dB. A summary of the output extinction
and output power of the device at each of these bias conditions
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Fig. 23. Output extinction and average output facet power (fiber coupling loss
removed) in BER measurements to achieve less than 1-dB power penalty for
wavelength-converted signals.
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Fig. 24. BER measurement results for fixed out wavelength (1553 nm) and
variable input wavelengths. The receiver power is —11 dBm for all input
wavelengths, and the PD-WC reverse bias is set to achieve the maximum EAM
slope efficiency.

(with the 4.2-dB fiber coupling loss removed) is shown in
Fig. 23. Taking into account the input facet power of —11 dBm,
this gives gains of the wavelength converter of 9, 11, 12, and
13 dBm at output wavelengths of 1531, 1542, 1553, and
1563 nm, respectively.

The remaining critical factor for broadband operation of
the integrated PD-WC is the performance of the device under
various input-wavelength conditions. A set of BER experiments
was performed, where the input wavelength was varied between
1535 and 1560 nm and where the output wavelength was held
fixed at 1553 nm. The results are shown in Fig. 24, along with
the back-to-back measurements at 1530 and 1550 nm. Less than
2.5-dB power penalty is observed when the bias conditions on
the PD-WC were set for the optimal extinction characteristics.
The input power in each of these experiments was held fixed
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at —11 dBm. The ERs for output wavelengths of 1535, 1550,
and 1560 nm, were 7.4, 9, and 6.5 dB, respectively. The lower
ERs at input wavelengths of 1530 and 1560 nm are a result of
the increase in optical loss at the low end of the wavelength
spectrum shown in Fig. 5 and the decrease in optical gain as
the operating wavelength moves away from the PL peak of the
OQW stack.

VIII. CONCLUSION

We have presented a detailed study of a monolithic 10-Gb/s
PD-WC that consists of a widely tunable laser source and
optical receiver. The device is fabricated on a DQW integration
platform and utilizes QWs for modulation efficiency in the in-
tegrated EAMs without incorporating multiple regrowth steps.
The dynamic measurements of the wavelength-converted ERs
show in excess of 10 dB over the full wavelength tuning range.
Digital-system-performance measurements with a fixed wave-
length input signal show less than 1 dB power penalty for the
converted signals over output wavelengths between 1533 and
1564 nm with a facet-to-facet conversion gain between 9 and
13 dB. The BER measurements with variable input wavelengths
and a fixed output wavelength show less than 2.5-dB power
penalty for input wavelengths between 1535 and 1560 nm.
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