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Abstract—A widely tunable wavelength converter utilizing a sep-
arate absorption and modulation configuration and only dc bias
connections is demonstrated. The device integrates an SG-DBR
laser with a traveling-wave electroabsorption modulator and an
optically pre-amplified receiver and introduces a simplified bias
scheme by the inclusion of passive resistor and capacitor circuit el-
ements. We discuss a the design of these passive elements and their
compatibility with fabrication of photonic integrated circuits. The
device demonstrates over 12 GHz optical bandwidth and error free
10 Gb/s wavelength conversion is achieved with less than 2.5 dB
power penalty over 25 nm of output tuning.

Index Terms—Electroabsorption, optical receivers, optical
transmitters, p-i-n photodiodes, sampled grating distributed
Bragg reflector (SG-DBR), semiconductor optical amplifiers
(SOAs), traveling wave devices, wavelength conversion (WC),
wavelength division multiplexing (WDM).

I. INTRODUCTION

AS CURRENT optical fiber communications continue to
push the limits of bandwidth utilization, wavelength con-

version is becoming an increasingly important function in wave-
length division multiplexed (WDM) networks. Wavelength con-
version in high traffic networks reduces blocking probabilities,
when signal contention is problematic, and has applications in
optical routing, switching and add/drop multiplexing [1]. Mono-
lithically integrated wavelength converters (WC), in which a
tunable laser source can be incorporated on-chip, are particu-
larly interesting devices due to their small footprint, low-cost
packaging, and potential for scalability.

Although many technologies for wavelength conversion
have been employed, there are two main approaches which
lend themselves to monolithically integrated devices. The first
of these is a carrier-modulated all-optical approach, in which
an input signal is combined with a tunable laser source in
the same semiconductor optical amplifier (SOA). If operated
in the saturation regime, the inherent non-linearity of the
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SOA provides cross gain (XGM) and cross phase modulation
(XPM) to transfer the information from the input wavelength
to the wavelength from the tunable source. The bandwidth of
SOA-based WCs is limited by the carrier recovery lifetime
of the SOAs, and operation has typically been limited to data
rates up to 10 Gb/s [2], although faster operation has also been
demonstrated with very high power penalties [3]. Recently,
delayed interferometric techniques have been employed to sur-
pass the carrier recovery lifetime limit and 40 Gb/s operation
has been achieved in a monolithic device [4], [5].

The other approach to monolithic wavelength conversion,
pursued in this work, is based on separate absorption and mod-
ulation (SAM) of the optical signals. In this approach, a tunable
transmitter and optical receiver are monolithically integrated on
a single-chip. The photodiode of the receiver is interconnected
to the modulator of the transmitter, which can be either a
Mach-Zehnder (MZ) or electroabsorption modulator (EAM).
The input signal into the receiver is optically pre-amplified
using an SOA such that sufficient photocurrent is generated
in the photodiode to directly drive the modulator without any
electronic driver circuitry. With this configuration, the input
data can be transcribed onto any output wavelength within the
range of the tunable source. SAM-WCs have demonstrated
wavelength conversion up 10 Gb/s [6] and have potential for
higher bit rate scaling, as similar configurations used in optical
gates have already demonstrated functionality up to 500 Gb/s
[7]. Other advantages of SAM-WCs include lower power dissi-
pation and smaller footprint than their SOA-based counterparts,
reshaping and re-amplification (2R) of the input data signal [8],
and the elimination of any output optical filtering requirement,
since the two optical signals are spatially separated throughout
the entire device. The potential for 3R regeneration has also
been demonstrated by including clock recovery circuitry for
retiming [8]. However, previous demonstrations of SAM-WCs
have been complicated by the transport of microwave signals
off of the chip requiring high speed probes, bias-Ts [6], and
complex bias circuitry [9]. In this paper, we demonstrate an
EAM based SAM-WC in which a termination resistor and
dc-blocking capacitor are integrated onto the chip, such that
only a common dc bias is required for the both EAM and
photodiode and no additional RF components are necessary. By
keeping all high frequency components confined to the chip,
this advancement greatly simplifies the packaging requirements
and allows for operation and scalability of SAM-WCs which is
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Fig. 1. Schematic of the monolithically integrated wavelength converter with
separate receiver and tunable transmitter. The total device footprint is 3.1 mm
by 0.5 mm.

analogous to SOA-based implementations while maintaining
all the benefits of a separate absorption and modulation device.

II. WAVELENGTH CONVERTER DESIGN

This device is fabricated using the dual quantum well (DQW)
integration platform described in [10], which incorporates a
350 nm quaternary (InGaAsP) waveguide layer between p- and
n-type InP cladding layers above and below, respectively. The
DQW consists of a set of seven offset quantum wells (QWs)
with a photoluminescence peak wavelength of 1542 nm
above the waveguide layer and eight detuned quantum wells

centered in the waveguide. The offset wells
provide the optical gain for the laser and SOA components and
are selectively etched from passive and modulation regions
before blanket regrowth of the p-type InP cladding. The cen-
tered wells are present throughout the device and are used for
EAM efficiency under reverse bias but are detuned from the
operating wavelength to maintain low optical loss throughout
the unbiased passive regions.

Fig. 1 depicts the full the SAM-WC consisting of two spa-
tially separated surface-ridge waveguides which function as the
receiver and transmitter. The receiver consists of two SOAs fol-
lowed by a quantum well p-i-n photodiode (PIN-PD). The first
SOA is 200 long and 3 wide and the second SOA is 800

long and with a ridge that flares linearly to 9 over the
last half of the length. The flared ridge design has been shown
to improve the saturation power of the SOA by reducing optical
power density within the waveguide [11]. An S-bend between
the two receiver SOAs was designed to minimize the intercon-
nect distance between the PIN-PD and the EAM. The PIN-PD
is 20 long and utilizes the offset QW stack as the absorbing
layer for generating photocurrent. The ridge width is tapered
from 9–6.5 to prevent saturation from excess space charge
while minimizing the total capacitance.

The transmitter consists of a widely tunable sampled grating
distributed Bragg reflector (SG-DBR) laser followed by an
output 400 long SOA and 400 long EAM. The
SG-DBR and SOA ridge width is 3.5 and tapers to a 2.5
in the EAM. Photo-BCB (Benzo-cyclobutene) is defined
around the EAM and PIN-PD as a low-k dielectric to reduce
parasitic capacitance. A 75 long electrical interconnect
above the BCB connects the PIN-PD to the EAM (Fig. 2). The
interconnect and PIN-PD and EAM electrodes are designed
as microstrip transmission lines and configured such that the

Fig. 2. Schematic of integrated photodiode and EAM with on chip load resistor
and dc-blocking capacitor.

optical and electrical signals propagate in the same direction to
take advantage of traveling wave effects. The EAM electrode
is terminated by an on-chip resistor and dc blocking capacitor
described in detail in Section III.

III. PASSIVE COMPONENTS

The resistor and capacitor elements function to terminate the
generated microwave signals after being transported from the
absorbtion to modulation regions. The load resistance directly
determines the magnitude of the electric field in the EAM, and
hence the conversion efficiency, as well as the total operating
bandwidth of the device. Power handling is also important, as
the resistor must be capable sinking all the photocurrent gener-
ated in both the PIN-PD and EAM. For this work, NiCr thin film
resistors were chosen because of their ease of fabrication and
patterning with standard liftoff techniques. It is well known that
electron beam evaporation of NiCr alloyed sources produces
varying sheet resistance, and poor repeatability due to the dif-
fering vapor pressures of nickel and chrome during deposition
[12]. To ensure controllable composition and repeatability we
have instead developed a digital layer deposition technique
where nickel and chrome sources are evaporated separately
and then alloyed by annealing. For the initial run of devices,
four layers totaling 720Å were deposited with a composition of
70:30 Nickel-Chrome followed by an anneal at 390 C. These
resistors were patterned as either 1.25 or 2.5 squares with stripe
lengths of 40 . This first run exhibited a low sheet resistance
of 10 and poor power handling capability with break-
down occurring for dc biases greater than 1 V. On subsequent
fabrication runs the resistor pattern dimensions were increased
by 2.5 times to improve power handling and an eight layer
deposition process was used to improve the uniformity of the
alloy composition. For the same thickness, NiCr composition,
and anneal temperature, the resistivity was increased to 14
as shown in Fig. 3. The eight-layer resistors also demonstrated
better ohmic behavior and sustained biases greater than 2 V dc.
These results have been repeated in three further fabrications.

As shown in Fig. 2 the resistor is followed by two metal-in-
sulator-metal (MIM) capacitors on either sides of the ridges that
provide a low impedance ground path for the microwave signal
and allow for biasing of the EAM and PIN-PD. A 3500Å thick
n-contacting AuGe ground plane extends from below the BCB
to form the lower plate of the capacitor. The dielectric material
consists of 2500Å of silicon nitride deposited by physical evap-
oration chemical vapor deposition (PECVD). A 2.5 thick
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Fig. 3. Comparison of resistance and power handling for two NiCr resistor
fabrications. Run 1 and 2 are denoted four layer and eight layer, respectively.
Physical resistor dimensions are listed in parenthesis. Constant resistance con-
tours are shown for reference.

Fig. 4. Equivalent circuit diagram of wavelength converter.

gold layer forms the top plate of the capacitor and the intercon-
nect to the NiCr resistor. The total area of the two on-chip ca-
pacitors is 0.14 with a capacitance that has been measured
to be 30 pF.

IV. BIASING

A circuit diagram depicting the bias configuration for the
wavelength converter is shown in Fig. 4. Only a single reverse
bias, applied through wirebonds to the two plates of the capac-
itor, is needed for biasing both the EAM and PIN-PD. Since both
plates are equivalently “RF ground,” this bias scheme eliminates
any parasitic capacitance typically associated with bonding pads
and the need for any transmission lines or bias-Ts off chip. Also,
placing the resistor in series with the two diodes ensures no dc
power dissipation in the load resistor under normal reverse bias
operation, aside from the dc photocurrent generated in the EAM.
Though simplistic, this bias circuit also has two issues which
need to be addressed. First, the 30 pF on chip capacitor
is a sufficient ground for frequencies above 600 MHz. However
typically a larger capacitor is added to the
carrier to extend the low frequency response. This is especially
important for achieving minimal pattern dependance for pseudo
random bit streams with long word lengths. Second, the wire-
bonds from the carrier to the on-chip capacitor induce an LC
resonance in the frequency response. Fig. 5 shows a simulation

Fig. 5. Simulated effects of wirebond resonance on wavelength converter fre-
quency response for various wirebond inductances (top) and damping resistor
values (bottom).

of the small signal response for different values of wirebond in-
ductance . By minimizing the wirebond length and adding
a small amount of series resistance to dampen the inductive peak

, the resonance can be effectively eliminated. Typically
values used range from 3 to 5 for wirebonds less than

2 mm. Larger resistance values are avoided since they create a
non-uniform response by effectively increasing the termination
resistance for low frequency components.

V. RECEIVER PERFORMANCE

The receiver and transmitter have been extensively charac-
terized separately to determine their individual contributions
to wavelength converter performance. Due to the use of com-
pressively strained QWs, the SOAs and PIN-PD are highly po-
larization sensitive and the input signal must be optimized to
the transverse electric (TE) orientation to achieve the best per-
formance. Both high gain and saturation power of the receiver
SOAs are key attributes for achieving conversion gain and high
extinction ratios. Fig. 6 shows the optical output power
versus input power of the receiver for both SOAs biased
at a current density of 6 . The continuous wave (CW)
measurements show the receiver optical gain to be 19 dB when
operating in the linear regime. The 1-dB output compression
power of the receiver is 14 dBm, which translates into 25 mA of
dc photocurrent generation. The modal absorption coefficient of
the offset QWs under reverse bias has been measured by pho-
tocurrent spectroscopy to be 450 , yielding an a internal
quantum efficiency of 60% for the 20 long PIN-PD. Small
signal frequency response measurements demonstrate a 3-dB
bandwidth in excess of 20 GHz for the PIN-PD with 25 ter-
mination. With sufficient bias, the tapered ridge PIN-PD design
exhibits excellent power handling capabilities [11]. As shown
in Fig. 7, with 14 mA average photocurrent the device shows
no bandwidth degradation due to saturation effects for reverse
biases greater than 2.5 V.
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Fig. 6. Optical output power �� � vs optical input power �� � for biases of
40 mA and 290 mA on 200 �� and 800 �� SOAs, respectively. The measured
photocurrent level from the PIN-PD is shown on the right axis. PIN-PD bias
was ���� �.

Fig. 7. Frequency response of 20 �� long PIN-PD photodetector for varying
reverse bias with 25 � termination. The input power into the receiver was
���	 
�� and average detected photocurrent was 14 mA.

VI. TRANSMITTER PERFORMANCE

The SG-DBR laser utilizes vernier tuning of the front and rear
mirrors to achieve continuous tuning of the emission wavelength
from 1522–1565 nm. The maximum fiber coupled output power
is 6.2–9.8 dBm over the wavelength range of the SG-DBR for
bias currents of 150 mA applied to both the gain section of the
laser and the output SOA. dc extinction curves for the 400
long EAM are shown in Fig. 8 for wavelength between 1522 nm
and 1559 nm. The detuned band edge of the centered quantum
wells creates a strong wavelength dependence with peak slope
efficiencies that range from 25 dB/V for the shortest wavelength
down to 10 dB/V for longest wavelength.

Since the positions of the laser source and electrical termi-
nation in the wavelength converter are fixed, it is impossible
to determine the amount of traveling wave (TW) benefit in the
EAM directly. Instead, discrete TW-EAMs were fabricated
on the same wafer as the integrated wavelength converter to

Fig. 8. DC extinction curves taken from 400 �� EAM over the tuning range
of the SG-DBR.

Fig. 9. Forward and reverse EO traveling wave response for the discrete
400 �� EAM. On-chip termination is 20 �. The dc bias is �� �.

measure the electrical-to-optical (EO) response. These EAMs
were directly driven by probing a coplanar waveguide (CPW)
and terminated by the same on-chip resistor and capacitor. EO
small signal measurements were performed using an external
1550 nm laser source coupled into either facet to compare co-
and counter-propagating TW bandwidth. The characteristic
impedance of the EAM transmission line was measured as 24
and the NiCr resistor value used was 20 to minimize electrical
reflections in the device. These low impedances are typical
of such capacitively loaded electrode structures [13], [14].
Fig. 9 shows results of the EO measurements comparing the
“forward” response, when the optical signal propagates in the
same direction as the electrical drive, and “reverse,” when the
two signals counter-propagate. Although the 3-dB bandwidth
is greater than 20 GHz in both cases, the forward measurement
exhibits virtually no roll-off over the measurement range, which
demonstrates the significance of the traveling wave design. The
dc bias for both of these measurements was , although
other experiments show that the response is independent of
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Fig. 10. Optical-to-optical small signal frequency response for SAM-WC for
various reverse biases of EAM and PIN-PD. Load resistor is 35 �.

bias for typical operating points between and 3.5 V. The
sharp rise in the response below 1 GHz shows the limit of
the integrated capacitor, since no external capacitor was used
during this experiment.

VII. WAVELENGTH CONVERTER EXPERIMENTS

A series of experiments have been performed to evaluate
wavelength conversion performance. For these experiments, the
device under test was mounted and wirebonded to an aluminum
nitride carrier. The carrier was place on a copper stage with
a temperature actively maintained at 16 C. A dc probe card
contacting the carrier was used to apply all biases and optical
signals were coupled to and from the chip using conically tipped
lensed fibers. In all experiments, the input signal was amplified
by an erbium doped fiber amplifier (EDFA) followed by an
optical filter to reduce amplified spontaneous emission (ASE)
noise and a polarization controller to optimize the receiver gain.

Testing of the wavelength converter consisted of both small
and large signal characterization. First, small signal measure-
ments were taken to determine the total optical-to-optical (OO)
bandwidth of the device. The results of the small signal fre-
quency response measurement are shown in Fig. 10 for varying
bias. For bias and 35 on-chip termination, the 3-dB op-
tical bandwidth of the wavelength converter is 12.6 GHz.

Large signal experiments consisted of measuring the bit error
rate (BER) of the device for wavelength conversion of digital
data at 10 Gb/s with non-return-to-zero (NRZ) format. The BER
test setup was similar to the one described in [15] and utilized a

pseudo-random bit stream (PRBS) as the input signal.
Bit error rate curves were generated by attenuating the output
of the device and measuring the BER for various powers into a
commercial optical receiver.

A. Dynamic Range Experiments

The dynamic range of the SAM-WC receiver greatly affects
the wavelength converter performance. Low input powers result
in insufficient photocurrent levels for driving the EAM causing

Fig. 11. Wavelength converted power penalty (at ��� � �� ) and output
extinction ratio for varied input signal powers. The input wavelength is 1548 nm
and the output wavelength is 1537 nm. The EAM and PIN-PD bias is ���	 
.

poor output extinction ratios (ER). Conversely, high input
powers result in output pattern dependence due to saturation of
the receiver SOA. Because of this, it was necessary to find the
optimum input power for the device by measuring the BER at
several input power levels. The bias currents for this experiment
were fixed at 40 and 240 mA for the receiver SOAs, and 100
and 40 mA for the laser gain section and transmitter SOA,
respectively. For fixed input and output wavelengths of 1548
and 1537 nm, the BER of the wavelength converted signal was
compared with the BER for back-to-back transmission and the
difference was calculated as a power penalty.

Fig. 11 shows the results of varying the optical input power
into the wavelength converter. The measured power penalty at
a BER of along with the associated output extinction ratio
is plotted for each input power. The power penalty reaches a
minimum of 1.4 dB at the input power of 4.5 dBm. The ex-
planation for this is best seen in the output eye diagrams in
Fig. 12. Each eye, (a)–(f), is the wavelength converted output
corresponding to the data points in Fig. 11 from left to right.
For low input powers, (a) and (b), the BER is limited by the re-
duced output extinction ratio. For higher input powers, (d)–(f),
the power penalty increases even though the output ER con-
tinues to improve. In this case, signal distortion due to the re-
ceiver SOA saturation becomes the limiting factor. The effect
of the pattern dependence in the eye diagrams is apparent in the
rising crossover point, and increased jitter and fall time that can
be attributed to gain recovery time in the saturated receiver SOA.

The results of this experiment show that the optimum input
power into the wavelength converter, 4.5 dBm, matches the
1-dB compression point of the receiver SOA from Fig. 6. The
eye labeled (c) represents the optimum output with 7.3 dB ex-
tinction and 0.3 mW output amplitude. This value corresponds
to unity conversion gain after accounting for 4 dB fiber cou-
pling losses. Higher conversion efficiency is possible by in-
creasing the bias current in the transmitter SOA to boost the
output power. However, this comes at the expense of increased
thermal crosstalk between the transmitter and receiver SOAs
which reduces the maximum achievable receiver power.
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Fig. 12. 10 Gb/s wavelength converted (1548–1537 nm) eye diagrams corre-
sponding to the input powers �� � in Fig. 11. The scales of the two axes are
16.3 ps/div and 95 ������.

Fig. 13. Wavelength conversion BER measurements for constant input and
varying output wavelength compared with back-to-back transmission. The cor-
responding eye diagrams are shown for 1527, 1543, and 1553 nm from top to
bottom with extinction ratios of 8.0, 7.4, and 6.6 dB, respectively.

B. Wavelength Conversion Performance

After an optimal input power was determined, wavelength
conversion was performed from the same fixed wavelength
(1548 nm) to multiple output wavelengths across the tuning
range of the SGDBR. The bias for the EAM and PIN-PD was
adjusted to take advantage of the steepest slope efficiency of
the modulator at each wavelength (Fig. 8). BER curves were
generated at multiple wavelengths and again compared to
back-to-back transmission to compute the conversion power
penalty. The results of these wavelength conversion experi-
ments are shown in Fig. 13. The dc bias was to , ,
and for the wavelengths of 1527, 1543, and 1553 nm,

respectively. The input power in to the device was
and the output powers were , , and ,
respectively, after subtracting 4 dB fiber coupling losses from
both facets. The extinction ratio of the wavelength converted
signal ranges from 8.0–6.6 dB. Using a 2 s gating period,
error-free operation was observed for all wavelengths with
less than 2.5 dB power penalty compared with back-to-back
transmission. The decrease in power penalty with shorter
output wavelengths in this device is attributed to the increase in
output extinction ratio . Therefore, the digital performance
could be improved by optimizing the design and band-edge
detuning of the modulator quantum wells to achieve higher
slope efficiency at the longer wavelengths.

VIII. CONCLUSION

SAM-WCs offer a low-power, small-footprint, bit rate scal-
able solution for wavelength conversion in WDM networks.
We have presented the design, fabrication, and characterization
of the first EAM-based widely tunable separate absorption
and modulation wavelength converter with integrated passive
circuit elements for terminations and biasing. This monolith-
ically integrated device requires only dc connections to the
InP chip, greatly reducing biasing and packaging complexity.
Wavelength conversion at 10 Gbps demonstrated error free
performance with power penalties of less than 2.5 dB over 25
nm of output wavelength tuning. The device performance can
be further optimized by improving the linearity of the receiver
SOAs, as well as increasing the efficiency of both the photo-
diode and EAM. These improvements in conjunction with an
optimized traveling wave architecture should provide bit rate
scaling to accommodate much higher data rates in the future.
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