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Introduction: 
 
Welcome to the 2008 edition of the articles published by Professor Coldren’s group at 
UC-Santa Barbara.  Also included are articles by collaborators on which Prof. Coldren 
was a named co-author. As in recent years the work has a focus on III-V compound 
semiconductor materials for photonic devices—mostly diode lasers and photonic 
integrated circuits.  The work spans efforts from basic materials and processing 
technology, through device physics and design, to device formation, characterization, and 
insertion into systems demonstrations.    
 
The reprints have been grouped into three areas: I. Photonic IC Technology & Devices;  
II. Vertical-Cavity Surface-Emitting Lasers; and III. Cavity QED and  Single-
Photon Emitters.  The majority of the work is in the first area, which has been further 
subdivided into A. PIC Technology and Transmitters; B. Wavelength Converter and 
Packet Switching PICs; and C. RF-Photonics, Filters, and Analog PICs.  Each area 
contains materials research, device physics, device design and process development, 
device fabrication, and device characterization.  In some cases devices are inserted into 
more advanced systems, so that their performance can be evaluated in a more rigorous 
environment.  The epitaxial growth activity is strongly supported by Prof. DenBaars 
(MOCVD) and Prof. Gossard (MBE), who co-advise the students involved in these areas.   
Thus, their contributions have been invaluable to the research, even when they do not 
appear as co-authors on the device oriented papers.   
 
The work was performed with funding from several grants from industry and 
government, some gifts funds from industry, and support from the Kavli Endowed Chair 
in Optoelectronics and Sensors.  Specific projects included one on wavelength converters 
and photonic networks under the DARPA DoDN program (Prof. Blumenthal, PI); an 
analog receiver project sponsored by DARPA Phorfront (Prof. Bowers, PI); two projects 
to create very high-speed, high-efficiency optical sources for optical interconnects, one 
an STTR with Ziva Corp. and one an extension of the DARPA C2OI program, both to 
support our vertical-cavity surface-emitting laser work; and a new project on 
programmable optical filters supported by the DARPA-PhASER program.   
 
The first group of reprints (IA.) summarizes our work on photonic IC technology and 
more specifically our efforts to make highly-functional and efficient widely-tunable 
transmitters using some of the integration platforms developed at UCSB over the past 
several years. This group consists of seven papers, including two journal papers and five 
conference papers.  Of the conference papers, three were invited, and two of these were 
invited tutorials.  In order to better summarize the content of these extensive tutorials, 
copies of the slides for the last one (ECOC ’08) are included in this edition.  
 
Figure 1 illustrates an integrated widely-tunable transmitter that incorporates a sampled-
grating distributed-Bragg-reflector (SG-DBR) laser with a traveling-wave electro-
absorption modulator (TW-EAM) on InP.  It is representative of the work in Section IA.   
In this case, both the load resistor and the rf-bypass capacitor are also integrated on the 
PIC.  The TW-EAM uses a meander-line velocity matching technique.  Open eyes at 40 
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Gb/s for a variety of wavelengths indicate the success of this technique.  This transmitter 
will be used in the all photonic wavelength converter (or transceiver) shown in Fig. 2.  
Fig. 1 demonstrates that any wavelength over a 40 nm wavelength band can be encoded 
with NRZ data up to 40 Gb/s.  Such transmitters are desired in wavelength-division 
multiplexed (WDM) communication systems.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Widely-tunable transmitter incorporating a velocity-matched traveling wave EAM following an 
SGDBR laser.  Open eye diagrams verify successful operation across a wide wavelength range. 
 
Figure 2 illustrates a single-chip wavelength all-photonic wavelength converter in which 
an input signal of nearly arbitrary data rate and various intensity modulation formats over 
some wavelength range can be converted (and regenerated to some extent) to a desired 
output wavelength. This is representative of the work in Section IB.  The transmitter stage 
is similar to that shown in Fig. 1; the receiver stage consists of a two-stage high-gain, 
high-saturation-power semiconductor-optical-amplifier (SOA) preceding a high-
saturation current photodiode (PD).  The photocurrent from the photodiode directly 
modulates the TW-EAM of the transmitter, so that no rf needs to be coupled on or off of 
the chip.  A separate absorber is used for data monitoring if so desired.  It was developed 
for use in all-optical networking experiments.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  All-photonic widely-tunable data-format and data-rate transparent wavelength converter that 
integrates an SGDBR—TW-EAM transmitter with an SOA-PIN receiver.  Schematic and photo of PIC 
shown on left; eye diagrams of data at various rates and formats shown at right. 
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Figure 3 is another example from Section IB that illustrates a different 40 Gb/s 
wavelength converter.  In this case the transmitter section uses a Mach-Zehnder 
interferometer (MZI) instead of a TW-EAM.  Such devices primarily use phase 
modulation instead of absorption modulation, and they can be design to manage chirp, so 
that transmission distances can be greatly extended.  In fact, in this case the MZI uses a 
series-connected design for higher impedance, so that the photocurrent can generate a 
higher electric field for better efficiency.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  All-photonic widely-tunable wavelength converter that integrates an SGDBR—MZI transmitter 
with an SOA-PIN receiver.  Operation to 40 Gb/s demonstrated across 32 nm.  
 
Work in the RF-Photonics, Filters, and Analog PICs area (IC) has expanded into a 
number of new areas in 2008, although most of the publications remain from the work on 
integrated phase demodulators. These consist of a coherent optical receiver PIC that 
incorporates a pair of differentially-driven tracking modulators, a 3 dB coupler, and a 
differential detector pair together with an electronic IC that provides feedback from the 
detector pair to the modulator pair.  Figures 4 & 5 summarize some of the recent work.  
Figure 4 gives the latest results with our ‘uni-traveling-carrier’ (UTC) high-saturation 
power photodetectors that must remain linear in this application to very high 
photocurrents, and Fig. 5 gives initial results from a more compact PIC that uses grating 
beam-splitters to shorten the feedback path.  A short feedback path is necessary to limit 
loop delay and increase the stable bandwidth of the feedback loop. The feedback loop 
limits the magnitude of the detector output to avoid nonlinearities, even with phase 
modulation depths of many radians in the input signal.   For good balance the coupler 
should have a 50 : 50 splitting ratio, so it is a key design parameter for Fig. 5.  As shown 
in Fig. 4, 1 dB photodetector saturation currents > 70 mA, and an output third-order 
intercept point (OIP3) ~ 45 dBm was observed for one design at 60-70 mA, which 
indicates very good linearity and is a excellent result for such waveguide photodetectors.     
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Figure 4.  Waveguide UTC photodetector design (top) and results (bottom).  Top schematic and transverse 
plot shows design of  tapered off-set absorber, ridge waveguide UTC.  Lower-left gives output power 
relative to linear vs. photocurrent current for several biases; lower-right gives the output 3rd order intercept 
point for three different designs. 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 5.  Phase demodulator PIC with a grating beam splitter to combine two input signals on a pair of 
detectors.  SEM-photo illustrates wire-bonded chip; plot shows near 50 : 50 beam splitting ratio for 15 µm 
long grating.   
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Figure 6 gives a schematic and SEM cross section of the 980 nm VCSEL that has given 
record high-speed modulation efficiency results.  This represents the work in Section II.  
As can be seen, lateral oxidation is used to simultaneously form 1) a tapered aperture of a 
desired shape to limit optical loss and minimize the optical mode volume as well as 
confine the current injection region, and 2) additional deep oxidation layers above the 
tapered current and photon confinement aperture to limit the parasitic capacitance 
without introducing unwanted series resistance.  By reducing the modal volume without 
increasing the modal loss compared to our prior work with ultra-low-cavity-loss 
VCSELs, these devices demonstrated threshold currents of 0.115 mA and differential 
efficiencies of 65% at room temperature.  The threshold approximately doubles and the 
differential efficiency drops by ~20% at 85 °C.  The total power dissipation at room 
temperature is 10 mW for a bias current of 4.4 mA with an average output power of 2.7 
mW.  Error-free data transmission up to 35 Gb/s was demonstrated at this point.  This 
corresponds to 286 pJ/bit of power dissipation/bit of data transmitted.  The modulation 
voltage used in these experiments was 0.84 V peak-peak, and this drove a differential 
device load impedance of 200 Ω, which corresponds to an average switching energy of 
50 pJ/bit, dividing by 2 for equal numbers of ones and zeros as a function of time.  (Of 
course, if we use a 50 Ω load, we get four times this number.) 
 

 

 
Figure 6. Schematic and SEM cross section of highly-efficient, high-modulation speed VCSEL. 
 
The final group of papers on Cavity QED and Single-Photon Emitters is reported in 
Section III.  It lists one paper that utilized GaAs-based MBE material and devices formed 
in our group.  This work was led by other faculty members both at UCSB and elsewhere.  
Thus, we will not highlight it to a larger extent in this reprint collection.  We continue to 
be receptive to outside collaborations that can use our expertise to some advantage.   
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Abstract: Generation and transmission of 10 Gbps duobinary signals is demonstrated using an 

integrated widely-tunable SGDBR laser and Mach-Zehnder modulator over a wavelength range of 

1538nm – 1564nm. 
2007 Optical Society of America 
OCIS codes: (250.5300) Photonic Integrated Circuits; (060.2330) Fiber Optics Communications 

 

1. Introduction 

Duobinary modulation has the advantage of more compact modulated optical spectral width compared to standard 

NRZ modulation [1]. This provides improved dispersion tolerance and longer transmission distances over non-

dispersion managed fiber. It also allows greater spectral efficiency, allowing closer spacing of optical channels, or 

reduced requirements for wavelength multiplexing components [2]. A second advantage is the possibility of using 

lower speed drive electronics to generate very high data rates, optical generation of up to 107 Gbps duobinary 

signals has been demonstrated [3]. Duobinary transmission using LiNbO3 MZ modulators have been long 

demonstrated, allowing transmission of 10Gbps data over 200 km of standard singlemode fiber [4]. More recently, 

demonstrations using InP MZ modulators have been performed, demonstrating a similar performance with generally 

lower drive voltage [5,6]. 

In this paper, we demonstrate generation and transmission of 10 Gbps duobinary signals using an integrated 

widely-tunable SGDBR laser and Mach-Zehnder modulator over a wavelength range of 1538nm – 1564nm. This is 

the first demonstration of 200km reach with an integrated laser-Mach Zehnder (ILMZ). Previous work either did not 

use integrated devices [5,6] or it was performed using standard NRZ modulation with lower reach; 100km [7]. 

 

2. Device and Experiment 

The device used in this work consists of a sampled-grating DBR laser integrated to an SOA and a dual-drive Mach-

Zehnder modulator. All sections of the device are integrated onto one single Indium-Phosphide chip using an offset 

quantum-well structure to define sections with optical gain. The sampled-grating DBR laser can be tuned throughout 

the C-band and the integrated SOA provides power leveling over this wavelength range and compensates for cavity 

and modulator losses. The Mach-Zehnder modulator consist of two optical waveguide segments with RF electrodes 

situated in-between two multimode interference couplers. More details of this type of device can be found in [7] 

where transmission of negative-chirp 10 Gbps NRZ signals over 100km standard singlemode fiber was 

demonstrated. 

 

 
PRBS 

Phase tuner 

LPF 0.27B 

ILMZ 

Bias tee 

Agilent 
83434A 
Receiver 

Tunable narrow-
band filter 

0-125 km  

Differential 
encoder 

0-125 km  

Error 
Detector 

 

Fig. 1. Schematic of experimental arrangement used to generate and transmit 10 Gbps duobinary modulation 

using the integrated SGDBR laser – Mach-Zehnder modulator 
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Fig. 2a: Eye diagram of output of PRBS. 2b: filtered electrical duobinary drive signal. 2c. Corresponding 

optical eye. 

 

Figure 1 shows the experimental arrangement used to generate and transmit the 10 Gbps duobinary optical 

modulation. The two complementary outputs from a 10 Gbps pseudo-random bit sequencer (PRBS) were 

differentially encoded, amplified and synchronized. Figure 2a shows that output eye diagram of the PRBS.  A 0.27B 

risetime filter (156ps risetime) was used to filter the NRZ eye diagram and to generate the duobinary drive signal 

shown in Fig. 2b.  After push-pull drive of the InP modulator (2x3.6V) the optical eye is formed and shown in Fig. 

2c. The optical signal was transmitted through up to 250km of standard singlemode fiber (200km Corning SMF-28, 

50 km Lucent SMF). Booster, inline and receiver optical amplification were used where required. 

 

3. Results 

Figure 3 shows captured eye diagrams after transmission through 0km to 250 km of standard singlemode fiber at 

1551nm wavelength. Open eye diagrams are obtained at 250km. At transmission distances above 200km, the 

required launch power was in the 10 dBm range which causes pulse compression and a corresponding shift in power 

penalty compared to purely dispersion limited performance. 

 

   

   

Fig. 3: Received optical eye diagrams at 1551nm after transmission through 0km, 50km, 100km, 150km, 

200km and 250 km fiber, respectively. 

 

Figure 4, left shows bit-error-rate performance for 0-250km transmission distance at 1551 nm wavelength using a 

2
7
-1 PRBS signal. Error-free transmission using long word-lengths (eg. 2

31
-1) was not possible. The exact cause for 

this has not been established, but several factors can contribute, including electrical or optical crosstalk, thermal 

effects, or pattern dependence in the electronic drive circuitry. The receiver sensitivity varies over a ~2dB range 

with a small further degradation at 250km transmission. The lowest penalty was observed in the 100km-150km 

range. No error floor could be detected at any transmission distance.  

The fiber transmission performance was also verified at the lower and higher end of the laser tuning range, 

1538nm, and 1568nm respectively. The power penalty at a BER of 10
-9

 versus transmission distance for all three 

wavelengths is summarized in fig. 4, right. A similar trend in power penalty can be observed over all wavelengths 

with a mid-range optimum around 100-150km. Indications of better performance at longer wavelengths can be 

observed, both in the point of lowest power penalty and the transmission penalty at 250 km. 
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Fig. 4: Left: Detected error rates at the preamplifier optical receiver at 1551nm for different fiber 

transmission distances. Right: equivalent power penalty at a BER of 10-9 at 1538nm, 1551nm and 1564 nm 

optical wavelength. 

 

4. Conclusion 

We demonstrated generation and transmission of 10 Gbps duobinary signals using an integrated widely-tunable 

SGDBR laser and Mach-Zehnder modulator over a wavelength range of 1538nm – 1564nm. Transmission up to 250 

km of standard singlemode fiber with low power penalty and no error floor was achieved. This is the first time an 

integrated laser-Mach Zehnder is used to transport 10 Gbps signals over 200km of standard singlemode fiber. 
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Abstract:  For the first time, selective undercut etching and periodically loaded electrodes are combined to 
improve impedance and velocity matching for traveling-wave electroabsorption modulators.  These devices 
are fabricated in a platform compatible with widely tunable lasers.  
©2008 Optical Society of America 
OCIS codes:  (250.7360)   Waveguide modulators. (230.7020)   Traveling-wave devices

1. Introduction 
 

Indium Phosphide based electroabsorption modulators (EAMs) offer a compact solution for efficient, high-
speed modulation of optical signals. The utilization of traveling wave (TW) electrodes for EAMs has led to 
significantly increased bandwidths compared to traditional lumped-element type devices.  However, one drawback 
of TW-EAMs is the low characteristic impedance of the transmission line compared with 50 Ω electrical drivers, 
due to the high capacitive loading of the p-n junction.  This high capacitance also results in slow-wave mode 
propagation [1] of the electrical signal, which limits the maximum interaction length between the electrical and 
optical waves.  Recently, several methods have been reported for reducing the capacitance per unit length of TW-
EAMs including periodic transmission line loading [2], as well as selective undercutting of the active region [3].  
For the first time, we have simultaneously utilized both of these techniques to develop high–impedance TW-EAMs 
which are compatible for integration with sampled-grating (SG) DBR lasers.  These TW-EAMs exhibit twice the 
characteristic impedance compared with previous designs as well as significantly improved return loss and velocity 
matching.  An average impedance of 40 Ω and open eye diagrams at 40 Gb/s with a 1.6 V drive are demonstrated.   

 

  

Fig. 1  (a) SEM cross section of undercut EAM structure.  (b) Continuously loaded TW-EAM design with integrated 
termination.  (c) Periodically loaded TW-EAM design with integrated termination. 

2.  Design and Fabrication 

 
The TW-EAM material design was based on the dual quantum well (DQW) epitaxial layer structure for SG-DBR 
laser integration [4].  These modulators were designed as a proof of concept and, although no lasers have yet been 
integrated, the entire fabrication process is completely compatible with integrated transmitters. The devices were 
fabricated on a conducting substrate with a 350 nm InGaAsP waveguide layer, containing 10 quantum wells, 
between upper and lower InP cladding layers.  The photoluminescence peak of the multi-quantum-well stack was 
1465 nm.  A cross section of the waveguide structure is shown in Fig. 1 (a).  The deeply-etched ridge was fabricated 
first by a combination of dry and wet etching to stop at the quaternary layer.  A sidewall mask of SiN was then 
formed on the upper cladding before dry etching the ridge through the waveguide and lower cladding layer.  The 
waveguide was undercut using a selective wet etch of sulfuric acid and peroxide to reduce the quaternary width from 

       a2038_1.pdf  
 

       OThC6.pdf  
 

OFC/NFOEC 2008

978-1-55752-855-1/08/$25.00 ©2008 IEEE

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on December 22, 2008 at 16:16 from IEEE Xplore.  Restrictions apply.



3.5 μm to 1.9 μm. The sidewall mask was essential to preserve the p+-InGaAs contact layer during the selective wet 
etch.  The modulator ridges were buried with a low-k dielectric, Benzocyclobutene, before metallization. 

EAMs fabricated with continuously loaded and periodically loaded transmission lines are presented in Fig. 1 (b) 
and (c), respectively. These devices make use of an on-chip NiCr resistor followed by a DC-blocking capacitor to 
terminate the traveling wave electrode.  The resistor was designed to match the impedance of the TW electrode to 
prevent electrical reflections.  EAMs with coplanar waveguides terminating both sides were also fabricated to allow 
for two-port S-parameter characterization.  The active optical length for both the continuous and periodic TW-
EAMs was 400 µm.  The periodic electrode was separated into four EAM segments connected by high impedance 
microstrip lines.  Of the total electrode length, only 25% was capacitively loaded, and the path lengths of the 
unloaded optical and electrical segments were designed to match the propagation distance of the two velocity-
mismatched waves.   

3. S-Parameter Characterization 
 

We have measured and compared three modulator structures: (1) the continuously loaded TW-EAM with a deeply 
etched ridge, (2) the continuously loaded TW-EAM with an undercut active region and (3) the periodically loaded 
design, also with the selective undercut etch.  The electrical properties of the different EAM designs were examined 
by two-port S-Parameter measurements using an HP 8510C network analyzer.  The magnitudes of the S-parameter 
measurements are shown in Fig. 2 (a) at -2.5 V bias.  Both undercut designs demonstrate significant improvement 
over design (1) in both electrical bandwidth and reflected power.  The S11 measurement shows the return loss of the 
periodic TW-EAM is well below -10 dB up to 20 GHz, demonstrating better impedance matching to the 50 Ohm 
electrical drive. 
    

 
Fig. 2  (a) Two-port electrical S-parameter measurements, (b) Characteristic impedance vs. frequency, and (c) microwave 
index and attenuation of the three TW-EAM designs at -2.5 V DC bias. 

 
From the S-Parameter measurements we have extracted the transmission line properties of the three structures 

using the ABCD matrix method [5].  Figure 2 (b) and (c) show the average characteristic impedance as well as 
microwave index and loss for the different TW-EAMs.  The undercut alone increases the impedance of the 
transmission line from 20 to 26 Ω, and with the addition of the periodic electrode an average impedance of 40 Ω is 
achieved.  The undercut etch also reduces the electrical effective index from 6 to 4, which closely matches the 
optical group velocity for this waveguide structure.  The average electrical index of the periodic electrode is further 
reduced to nearly 3.  This shows good agreement with design simulations which allow for the optical and electrical 
propagation distances to be matched along the entire device length.   For comparison, the microwave loss values of 
the periodic device are normalized to reflect the loss per active optical length.  The loss of the periodic TW-EAM is 
higher due to the extra 1.2 mm of passive electrode length.   
 

4.   Optical Measurements 
 
Optical measurements of the devices have been performed using an external tunable laser source and lensed fibers to 
couple the light at both facets.  Because they are intended to be integrated with a laser, there was no effort to make 
the EAMs polarization independent so it was necessary to optimize the polarization of the input light for maximum 
modulation efficiency in these measurements.  Small signal electrical to optical (E-O) measurements were made to 
compare the optical bandwidth of the three TW-EAM designs and to measure the traveling wave effects.   Figure 3 
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(a) shows the normalized frequency response of the three EAMs at -3.0 V bias up to 50 GHz.  The values of the on-
chip terminations for the continuous and periodic TW-EAMs were 26 Ω and 38 Ω, respectively.  The 3-dB 
bandwidths of the deep-etched, undercut, and periodic designs were 23 GHz, 40 GHz, and 30 GHz, which clearly 
demonstrates the benefit of the selective undercut etch.  The 25% reduction in the bandwidth of the periodic 
structure is due to the higher microwave loss compared with the continuous, undercut TW-EAM. However, the 
higher impedance of the device allows for larger voltage swings and less electrical reflections compared with the 
continuous design.  Higher bandwidths can be achieved by terminating the periodic structure with a resistor lower 
than the characteristic impedance to induce a voltage reflection that results in an enhancement of the frequency 
response.  With 22 Ω terminating the periodic EAM, the bandwidth is increased to 40 GHz.   
 
 

 
Fig. 3 (a)  Optical to electrical frequency response of the different TW-EAM designs for various integrated resistor values. 
(b) DC extinction vs. wavelength for the periodically loaded TW-EAM.  Inset: 40 Gb/s eye diagram. 

 

We have measured DC extinction for the periodic TW-EAM for wavelengths of 1565, 1555, and 1535 nm, 
shown in Figure 3 (b).  The maximum slope efficiencies were 8, 16, and 20 dB/V, respectively.  To demonstrate 
large signal operation of the periodic TW-EAM, we have performed digital data modulation at 40 Gb/s non-return to 
zero.  The device was biased at -3.8 V and terminated with 38 Ω. The inset in Figure 3 (b) shows the observed 
optical eye diagram at 1550 nm.  The dynamic extinction ratio was measured as 6.0 dB for an electrical drive 
voltage of 1.6 V peak-to-peak. 
 

5. Conclusion 

We have demonstrated the first traveling wave EAM to incorporate periodic transmission line loading with selective 
undercut etching of the active region.  This design increases the characteristic impedance by a factor of two, and 
exhibits excellent velocity matching characteristics.  Periodically loading the device improves the return loss by 10 
dB at 20 GHz and exhibits an optical bandwidth of 30 GHz for a 400 um long active length.  The device 
demonstrated modulation of digital data up to 40 GB/s with 1.6 V drive. We are currently integrating these EAMs 
with SG-DBR lasers for tunable transmitters. Future work will focus on reducing the microwave loss to increase the 
bandwidth, as well as raising the characteristic impedance to 50 Ω to further improve impedance matching.  

 
The authors acknowledge the funding support of the DARPA/MTO/ARL DOD-N program under the LASOR 
project award number W911NF-04-9-0001. 
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Abstract:  The monolithic integration of a number of photonic components on a single InP chip 
for increased functionality and reliability as well as decreased power dissipation and cost is 
becoming an accepted goal for most component vendors.  This tutorial will review current 
integration approaches and results, emphasizing our UCSB work. 

 

1.  Introduction 

InP-based Photonic Integrated Circuits (PICs) have been discussed and researched since the late 1970s when the InP 
based materials were still in an early stage of development[1-3].   A significant amount of work in the 1980s and 
early 1990s demonstrated many of the integration techniques still in use today[3-8].   However, for many years 
success with hybrid integration techniques has slowed the commercial adoption of PICs, except for a few limited 
examples, such as the integration of an electro-absorption modulator (EAM) with a DFB laser (the so-called EML).  
In fact, some have argued that PIC approaches would rarely replace feasible hybrid approaches for many years to 
come.   Recently, these ‘hybrid-integration-forever’ advocates seem to have gone quiet, and some have even had the 
epiphany that ‘PICs are now the only way to go’.   Clearly, there have been some recent existence proofs of complex 
PICs that appear to have numerous advantages over hybrid approaches[9,10].  Time will tell, but the thesis of this 
tutorial will be that PICs are now seen as the preferred approach for many applications, and as such, they will be the 
subject of intense R & D at many commercial component vendors in the next couple of years.   It is even possible 
that some new PIC technologies, such as quantum-well intermixing (QWI)[11], will gain widespread acceptance for 
real commercial applications.   

2.  Integration Platforms 

At the core of most PICs is a basic active-passive waveguide integration technique, and this largely determines the 
viability of the resulting integration platform.  Figure 1 illustrates several active-passive integration approaches that 
have been used with some success.   Of course, by ‘passive’ we may be referring to a modulator region or a truly 
passive interconnecting waveguide. 

 

 

 

 

 

 

 

 
 

Figure 1.  Schematics of six integration platforms.  All have been used in commercial products.  

Pros and Cons of each of the integration platform shown in Fig. 1 include the following:  the vertical twin guide 
allows for independent properties in the upper and lower guides, but a long coupling length is needed to accomplish 
the vertical light transfer; the butt-joint regrowth approach also allows for independent properties in the active and 
passive sections, but a critical alignment of the regrown waveguides is necessary; the selective area growth 
technique provides a scaling of the vertical dimensions to change the absorption edge of the quantum-wells, but the 
properties of each are still linked and the patterned growth results in some transition length as well as being critically 
dependent on the lateral diffusion properties of the precursors;  the offset quantum-well approach only requires an 



unpatterned blanket regrowth over a small step after etching away the active wells, but offsetting the gain results in a 
reduced net gain for the mode; the dual quantum-well case adds  higher bandgap wells in the waveguide to provide 
better modulators in the ‘passive’ guide; the quantum-well intermixing approach can provide multiple bandgaps 
from a single growth with multiple diffusion steps, but for higher saturation power SOAs or detectors additional 
blanket regrowths are necessary.   

3.  Example PICs 

Figures 2 & 3 show schematics and results from two example 40 Gb/s PICs fabricated in the authors group.  Figure 
2 describes a single-chip all-photonic transceiver that includes a high-gain, high-saturation power SOA-UTC 
receiver and a widely tunable transmitter that combines an SGDBR laser with an electroabsorption modulator 
(EAM) [12].  The QWI platform is used.   Figure 3 describes the use of the dual QW (DQW) platform to form a 
single-chip wavelength converter with a flared SOA-PIN receiver directly interconnected to a widely tunable 
SGDBR—Mach-Zehnder modulator (MZM) for the transmitter stage [13]. 

 

 

 
 

Figure 2.  40Gb/s single-chip transceiver fabricated with quantum-well intermixing (QWI) and blanket regrowths.  A schematic device 
cross section and top view, photoluminescence plots of the various sections, and receiver and transmitter eye diagrams are shown.  Receiver 

sensitivity @ 10-10 is -19.8 dBm; error-free wavelength conversion across a 32 nm range demonstrated. 

 

 

 

 

 

 

 
 

Figure 3.  40Gb/s single-chip wavelength converter fabricated with the “dual QW” integration platform.  A series-connected traveling-wave 
MZM design is employed for chirp management.  Only dc biases applied to chip for error free wavelength conversion over a 33 nm range. 
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Abstract: A tunable transmitter featuring an SG-DBR laser is integrated with an undercut-etched,
high impedance traveling-wave EAM. This device demonstrates 40 Gbps operation with >8.5 dB
extinction over 25 nm tuning with 2.1 V drive.
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1. Introduction

Electroabsorption modulators (EAMs) are advantageous optical components for transmission of digital data due to
their low drive voltage and high bandwidth. Traveling-wave (TW) designs which utilize transmission line electrodes
have shown to significantly enhance the bandwidth of EAMs compared with the RC response of typical lumped ele-
ment devices. However, one major limitation of most TW-EAMs is the low characteristic impedance of the capacitively-
loaded electrode which creates a large mismatch between the device and 50 Ω electronic drivers. Two techniques for
reducing the capacitance per unit length of the EAM which have been demonstrated are selective undercutting of the
modulator core [1], and periodic loading by distributing the EAM along high-impedance interconnects [2]. Recently,
we have implemented both of these methods in the same device to effectively double the characteristic impedance
from 20 Ω to 40 Ω as well as achieve velocity matching of the electrical and optical signals [3]. In this work, for the
first time, we present a high-impedance TW-EAM monolithically integrated with a sampled grating (SG)-DBR laser
and output optical amplifier to form a widely-tunable transmitter. This device demonstrates greater than 15 dB/V DC
modulation efficiency and greater than 8 dB extinction at 40 Gb/s over 25 nm of optical bandwidth.

(a) Circuit diagram of integrated transmitter (b) Photograph of fabricated transmitter on carrier

Fig. 1.

2. Design and Fabrication

The transmitter consists of a five stage SG-DBR laser followed by an output semiconductor optical amplifier (SOA)
and TW-EAM which all share a common waveguide. A circuit diagram of the full device is shown in Fig. 1(a). The
epitaxial layer structure for this device utilized a dual quantum well waveguide (DQW) [4] with 10 QWs centered
in the InGaAsP core for modulation efficiency and 7 offset QWs above the core to provide gain. The photolumines-
cence peaks corresponding to the band edges of the two QW regions were 1470 nm and 1540 nm, respectively. The
offset quantum wells were selectively etched from all but the laser gain and SOA regions before regrowth of the p-
type InP cladding. The laser and SOA were designed with a surface ridge waveguide structure which tapered into
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an undercut waveguide for the modulator region. To achieve the undercut, first a deeply etched ridge was defined by
reactive ion etching down into the n-cladding. Then a selective wet etch of sulfuric acid and peroxide mixed with wa-
ter (1:1:10) was performed for 30 minutes to laterally reduce the width of the InGaAsP core from 3 µm to approxi-
mately 1.15 µm. A cross section of the modulator waveguide is shown in Figure 2. For this amount of undercut, sim-
ulations of the mode profile as a function of the waveguide core width show less than 2 percent decrease in the modal
overlap with the centered quantum wells. Therefore the modulation efficiency is not significantly affected when the
diode junction capacitance is reduced.

Fig. 2. Overlap of the optical mode with the EAM quantum wells for varying amount of undercut. Inset: cross section of the EAM waveguide.

Following the undercut etch, the EAM structure was buried with photo-defined benzocyclobutene (BCB) as a
low-k dielectric. The BCB was etched to expose the modulator ridge top before metal contacts were formed. The
modulator electrode was designed as a segmented microstrip line which alternated between passive and EAM-loaded
sections. Over the 1600 µm of total length, the microstrip electrode contacted the ridge in eight separate 50 µm sec-
tions, yielding an effective modulator length of 400 µm. The optical path length between modulator sections was de-
signed to match the phase of the electrical line to maintain coherent interaction of the two traveling waves along the
entire length. A coplanar waveguide (CPW) was implemented at the input of the EAM electrode for directly contact-
ing with a high-speed probe. At the opposite end of the EAM, a thin-film 35 Ω thin film NiCr resistor was deposited
by e-beam evaporation. The resistor was followed by on-chip, and off-chip capacitors in parallel to provide an RF
ground as shown in the device photograph. (Fig. 1(b))

(a) Supermode tuning spectrum of SG-DBR laser (b) DC modulation efficiency of the periodically loaded, undercut
TW-EAM over the SG-DBR tuning range.

Fig. 3.
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3. Transmitter Results

The fabricated SG-DBR laser is continuously tunable over the range of 1524 nm to 1563 nm. Figure 3(a) shows
the tuning over 9 supermodes achieved by vernier tuning of the front and rear mirrors with laser and SOA bias cur-
rents of 125 mA and 75 mA, respectively. The side mode suppression ratio is greater than 30 dB in all cases. The
variation in the output power from -2 dBm to 4 dBm is caused by both the gain spectrum of the offset QWs and the
wavelength-dependent loss of the centered wells. The DC extinction characteristics of the TW-EAM were measured
for reverse biases of 0 to 4 V over the wavelength range of the SG-DBR. As shown in Figure 3, the bias point of the
modulator can be optimized to achieve greater than 15 dB/V peak extinction efficiency for more than 30 nm of out-
put tuning. The efficiency of the modulator begins to decrease at the longer wavelengths because of the larger detun-
ing between the optical energy and the band edge of the quantum well.

Dynamic, large signal modulation experiments have been performed at 40 Gb/s non-return-to-zero (NRZ) to
demonstrate the high bandwidth of this device. Figure 4 shows the observed optical eye diagrams of for wavelengths
of 1533, 1543, 1549, and 1559 nm with 2.1 V peak-to-peak drive. The EAM bias was -1.9, -2.5, -3.0 and -3.4 V, re-
spectively. For all wavelengths, the eyes are clearly open with extinction ratios ranging from 8.5 to 9.8 dB.

Fig. 4. 40 Gb/s NRZ eye diagrams

4. Conclusion

We have successfully developed a fabrication process for an integrated transmitter which combines a SG-DBR laser
and high impedance TW-EAM. The 400 µm long modulator utilizes periodically loaded electrodes as well as an un-
dercut waveguide to achieve very low capacitance per unit length. For over 25 nm of tuning, this device demonstrates
greater than 15 dB/V peak efficiency and efficient modulation at 40 Gb/s NRZ with a 2.1 V electrical drive.
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Highly Polarized Single-Chip ELED Sources Using
Oppositely Strained MQW Emitters and Absorbers
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Abstract—Integrated polarizer components with polarization
extinctions �40 dB are desirable for state-of-the-art photonic in-
tegrated circuits. We demonstrate �60-dB polarization extinction
from a single-chip InGaAsP–InP broadband source by combining
an edge light-emitting diode consisting of compressively strained
quantum wells (QWs) with an absorber consisting of tensile
strained QWs. A 600-�m polarizer exhibits only 5 dB of insertion
loss.

Index Terms—Edge light-emitting diode (ELED), photonic inte-
grated circuits (PICs), polarization, strained quantum well (QW).

I. INTRODUCTION

PHOTONIC integrated circuits (PICs) with dynamic func-
tionality are attractive alternatives to optical systems based

on discrete components. However, the fabrication of complex
PICs with extreme polarization control of the optical signal is
quite difficult. This is due to the mixed emission and absorp-
tion of the transverse-electric (TE) and transverse-magnetic
(TM) polarization modes in semiconductor materials such as
InGaAsP–InP. Adding strain to these materials can greatly
increase or decrease the TE/TM ratio, but this alone provides
limited polarization extinction levels. Furthermore, integrated
polarizer components have not demonstrated polarization
extinctions between TE and TM modes in excess of about
20 dB in InGaAsP–InP [1], [2]. Devices such as fiber-optic
gyroscopes demand polarization extinctions of at least 40 dB
to achieve only moderate sensitivity levels [3]. Thus, to realize
a highly sensitive, single-chip gyroscope, there is a clear need
for novel approaches to polarization control.

We previously reported polarization extinctions of 40 dB by
optimizing only the light source [4]. Our approach utilized com-
pressively strained high-gain multiple quantum wells (MQW)
as the active region in an edge light-emitting diode (ELED). To
achieve even greater extinction, we have designed an on-chip
polarizer that functions in conjunction with our highly polar-
ized ELEDs to demonstrate a TE polarized device with 60-dB
polarization extinction.

II. DEVICE DESIGN

Our polarizer approach uses strained MQW active regions.
When strain is induced in the MQW, the degeneracy between
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Fig. 1. Side-view schematic of MQWs used for integrated ELED/polarizer de-
vice. The active QW region is centered in the waveguide to maximize the con-
finement factor at 13%, while the polarizer QW region is placed above the wave-
guide to reduce the confinement factor to 2.3%.

the light hole (LH) and heavy hole (HH) bands at splits.
Compressive strain pushes the light hole band to higher energies
than the heavy hole band so that conduction band (CB)-HH tran-
sitions, which provide gain/absorption to TE polarized light at

, dominate. Tensile strain results in the opposite behavior
so that CB-LH transitions, which are mostly TM polarized (and
to a lesser extent TE polarized), dominate [5]. By combining
a compressively strained (TE dominant) source with a tensile
strained (TM dominant) MQW absorber that functions as a po-
larizer, the TM light generated by the ELED will be selectively
absorbed, and very high polarization extinctions can be achieved
(Fig. 1).

The combined ELED/absorber devices were grown via
metal–organic chemical vapor deposition (MOCVD) on a
sulfur-doped InP substrate. The ELED MQW region of this de-
vice consisted of ten 6.5-nm InGaAsP QWs and eleven 8.0-nm
InGaAsP barriers. The QW composition was chosen to create
compressive strain ( 0.9%) in the wells for TE dominant light
output at 1550 nm and the barriers were grown with a small
degree of tensile strain ( 0.2%) for strain compensation. In
the ELED region, the MQW was centered between symmet-
rical waveguides for a maximized optical confinement of

13%. Active and passive waveguide regions were obtained by
selectively shifting the active ELED bandedge from a photolu-
minescence peak of 1540–1430 nm using quantum-well
(QW) intermixing as described in [6].

Two different polarizer designs with the same QW compo-
sitions were examined (Table I). The QW width in Design 1

1041-1135/$25.00 © 2008 IEEE
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TABLE I
POLARIZER EPITAXIAL STRUCTURE

Fig. 2. Schematic of ELED device illustrating the integrated polarizer and an-
gled/flared output facet.

was selected to align the polarizer absorption peak
nm with the gain peak of the ELED nm to

absorb TM light generated at any wavelength below the ELED
. But, since CB-LH transitions also permit some TE ab-

sorption, a second design was explored with narrower QWs to
blue-shift the polarizer absorption peak nm rel-
ative to the ELED to reduce undesirable TE absorption.

The polarizer MQW regions were realized via an MOCVD
regrowth. An InP spacer layer on top of the waveguide offset
the polarizer region MQW from the peak of the optical mode,
reducing to only 2.3%. The thickness of this spacer layer
was chosen to keep constant between the two designs. The
polarizers employed tensile strained InGaAs wells ( 1%) and
8.0-nm compressively strained InGaAsP barriers (0.3%). The
polarizer region was defined using wet etching techniques. A
subsequent regrowth defined the p-type cladding. This high-
functionality PIC fabrication approach is described in [6].

The completed 3- m-wide surface ridge waveguide devices
consisted of a 1000- m ELED, followed by a short passive sec-
tion, a 300- to 1000- m integrated polarizer, and a curved/flared
output waveguide to reduce reflections (Fig. 2).

III. EXPERIMENTS AND DISCUSSION

Using a Glan Thompson polarizer to resolve the output po-
larization as in [4], the polarization extinction was measured for
devices with and without an on-chip MQW polarizer. Fig. 3(a)
shows the TE and TM polarization-resolved amplified sponta-
neous emissiong (ASE) spectrum from an ELED at 8.3 kA/cm
and the total output spectrum with no external polarizer. The
TM-dominant CB-LH transition occurs at a higher energy than
that of the TE-dominant CB-HH transition, and thus the peak
wavelength of the TM spectrum ( 1478 nm) is blue shifted
from the peak wavelength of the TE spectrum (1545 nm). The
peak at 1545 nm in the TM-resolved spectrum corresponds to
TE light that our polarizing prism, which provided only 27 dB
of polarization extinction, could not filter out [4]. When the Glan
Thompson polarizer is removed from the system, both peaks are
evident in the spectrum. With a TM peak power of 66 dBm and
a TE peak power of 22 dBm, the native polarization extinction

Fig. 3. Output ASE spectra from (a) 1000-�m-long ELED with no on-chip po-
larizer (resolved for polarization); (b) an ELED only versus an ELED followed
by an integrated polarizer; (c) an ELED only versus an ELED and a 600-�m
polarizer (Design 2) resolved for TM polarization.

between the TE and TM peak powers of the 1000- m ELED is
44 dB.
Fig. 3(b) compares the ASE output spectrum of our standard

ELED device with those incorporating an integrated polar-
izer. Clearly, a polarizer using Design 1 does not improve
the polarization extinction of the device, which remains at
about 44 dB. In contrast, when the ELED is paired with a
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polarizer of Design 2, the TM peak at 1478 nm is significantly
suppressed. The TM-resolved spectra [Fig. 3(c)] for these two
devices demonstrate that a polarizer employing Design 2 be-
gins absorbing wavelengths around 1525 nm, and demonstrates
a 20-dB improvement in polarization extinction at the TM
peak power (1478 nm). Therefore, the polarization extinction
between the TE and TM peak powers approaches 63 dB, with
a TM peak power of about 87 dBm and a TE peak power of

24 dBm. Additionally, we experimented with applied biases
on the polarizers to enhance the selective TM absorption, but
found no improvement in polarization extinction levels with
either design. It is apparently sufficient to simply probe the
polarizer to provide a path for generated carriers to escape.

The difference in polarization extinction between the two po-
larizer designs is explained in terms of the placement of their
respective PL peaks relative to the peak emission wavelength
of the ELED. Because of Design 1 occurred at the same
wavelength as the peak emission of the ELED, the lowest en-
ergy CB states (near ) of the polarizer were likely filled
due to the high quantity of incident photons. This band filling
effect would increase the dominant absorption energy of the po-
larizer (i.e., to states with ). As shown in [7], when the
k-vector corresponding to absorption/emission in tensile wells
increases, the TM matrix element (which is related to the tran-
sition strength) is reduced. In fact, for high enough values, the
TM matrix element can fall to the same level as the TE matrix
element, creating a situation in which TE absorption is just as
likely as TM absorption. This scenario agrees with the data in
Fig. 3(b) for Design 1, as a nearly equivalent reduction in power
is seen at the major TE (1550 nm) and TM (1478 nm) emission
peaks of the ELED. In the case of Design 2, was shifted
to 1515 nm, where the ELED output power is more than 10 dB
below the peak power at 1550 nm, suggesting that the degree of
band filling in this polarizer would be substantially lower than
that of Design 1. With fewer filled states, the TM matrix element
would remain larger than the TE matrix element and more TM
absorption would occur. As further evidence of this phenom-
enon, we compared the absorbed photocurrent from the ELED
into a 600- m polarizer (no applied bias). Design 1 absorbs al-
most 13X as much photocurrent as Design 2 (4.7–0.37 mA),
which can be explained if it exhibits significantly greater TE
absorption than Design 2.

Fig. 4 shows the effect of polarizer length on the polarization
extinction for Design 2. Although the TM peak power does tend
to decrease with increased polarizer length, so does the TE peak
power. For example, the peak TE power with a 600- m polarizer
falls from 22 to 29 dBm for a 1000- m polarizer. Because
there is no significant improvement in polarization extinction,
the polarizer length should be kept below 600 m to avoid ex-
cessive insertion loss. Fig. 4 also shows that the TE peak power
for an ELED is about 5 dB higher than that of a device with a
600- m polarizer. Because the matrix elements for CB-LH tran-
sitions permit some TE absorption, a reduction in output power
is expected. However, some of this loss can be attributed to the

Fig. 4. ASE spectra for a 1000-�m ELED without an on-chip polarizer and
with on-chip polarizers (Design 2) of various lengths.

difficulty of coupling output light through our setup and into
an optical spectrum analyzer. Since our ELEDs are capable of
generating 16 dBm of continuous-wave output power at higher
biases [4], this loss is still acceptable for device applications.

IV. CONCLUSION

By pairing a compressively strained ELED with a tensile
strained polarizer, we have demonstrated the highest reported
polarization extinctions from a single-chip InGaAsP–InP
broadband emitter. This configuration yields polarization ex-
tinctions 60 dB with insertion losses less than 5 dB. This
technology is extendable to a variety of PIC applications,
including single-chip high-sensitivity fiber-optic gyroscopes.
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Transmission Line Characterization
of Undercut-Ridge Traveling-Wave

Electroabsorption Modulators
Matthew M. Dummer, Jonathan Klamkin, Erik J. Norberg, Anna Tauke-Pedretti, James W. Raring, and

Larry A. Coldren

Abstract—An experimental analysis of the electrical properties
of traveling-wave electroabsorption modulators with undercut
waveguides is presented. Modulators of varying ridge widths
and amounts of undercut are fabricated and tested to compare
characteristic impedance, effective index, microwave loss, and
optical bandwidth. We demonstrate effective velocity matching
and �40-GHz 3-dB bandwidth for a 400-�m-long device.

Index Terms—Electroabsorption, traveling-wave devices, un-
dercut etching.

I. INTRODUCTION

E LECTROABSORPTION modulators (EAMs) have
proven to be important devices for modulation of op-

tical signals due to their compact size, high speed, low drive
voltage, and ease of integration with semiconductor lasers.
For traveling-wave modulators (TW-EAMs), transmission
line electrodes are utilized such that the electrical drive signal
interacts coherently with the propagating light thereby sur-
passing the traditional resistance–capacitance (RC) bandwidth
limitation. However, the modulator capacitance still plays
an important role in the frequency response. Traveling-wave
devices are limited by impedance mismatch, velocity mis-
match, and microwave loss, all of which are affected by the
capacitance per length of the EAM. Recently, improved band-
width of TW-EAMs has been demonstrated by undercutting
of the waveguide core with selective wet etching [1], [2]. This
technique allows for significant reduction of the diode junction
capacitance while still maintaining a wide cladding for low
series resistance [3]. Undercut etching has also been shown
to lower the optical scattering loss by reducing the overlap
between the mode and the outer sidewalls of the cladding layers
[1].

In this work, we have developed a fabrication process for in-
tegrating undercut waveguide TW-EAMs with sampled grating
DBR lasers for high-speed tunable transmitters [4]. As an opti-
mization study, we have fabricated several discrete TW-EAMs
with varied core and cladding dimensions in order to charac-
terize their transmission line properties. Here, we present the
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Fig. 1. Fabricated TW-EAMs with (a) two-port CPW pad design and (b) inte-
grated termination.

experimental results of this study which demonstrate the de-
pendence of the characteristic impedance, electrical effective
index, and microwave loss on the modulator geometry over a
wide design space. This study demonstrates improved velocity
matching, increased impedance, and reduced loss for undercut
waveguides with core dimensions as narrow as 1.4 m.

II. DESIGN AND FABRICATION

We have designed modulators with two different electrode
configurations for these characterization experiments. As shown
in Fig. 1, the first was designed with both input and output
coplanar waveguide pads for two-port electrical characteriza-
tion. The second was designed with an integrated matched ter-
mination to reduce electrical reflections [5]. The modulator mi-
crostrip electrodes were 400 m long, 6 m wide, and the width
of the underlying ridges were varied on the mask from 2.5 to
5.0 m. Laterally flared, curved waveguides were used at both
facets to reduce optical reflections. The epitaxial layer structure
for these modulators consisted of a 350-nm InGaAsP core sur-
rounded by 1.8 m each of InP for the upper and lower n- and
p-doped cladding. The core contained a stack of ten quantum
wells with a band edge corresponding to photoluminescence
emission wavelength of 1465 nm. A sulfur-doped substrate was
used to allow for backside n-contacts while 150 nm of highly
doped p-InGaAs above the upper cladding provided an ohmic
contact layer on the p-side. The optical waveguides for this de-
vice consisted of surface ridges at the facets which were ta-
pered to deeply etched ridges for the modulation region of the
TW-EAM. The ridges were patterned and defined using a com-
bination of wet and dry etching before performing a selective
wet etch to reduce the width of the InGaAsP core. Three pieces
of the same wafer were processed, one with no undercut etching,
and the other two with undercut etch times of 22 and 40 min in
H SO H O H O solution (1 : 1 : 10). The total reduction
in the active width of the two samples was measured to be 0.9

1041-1135/$25.00 © 2008 IEEE
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Fig. 2. Scanning electron microscope cross section of (a) deep-etched and
(b) undercut-ridge waveguide structures designed for a ridge width of 3.0 �m.

Fig. 3. Measured characteristic impedance versus ridge width for varied
amount of undercut.

and 1.6 m, respectively. The waveguides were then buried with
photodefined benzocyclobutene (BCB) as a low-k dielectric. A
via was etched through the BCB to expose the ridge-top before
the final metallizations to form the p-side contact and thin-film
NiCr resistor. An electron micrograph of the cross sections of
the deeply etched (no undercut) and 40-min undercut-etched de-
vices are shown in Fig. 2.

III. CHARACTERIZATION EXPERIMENTS

The TW-EAM transmission line structures were measured
and analyzed using a two-port scattering parameter method [6].
For these experiments, all of the modulators tested were the
two-terminal implementation shown in Fig. 1(a). The devices
were directly probed with 50- ground–signal–ground coplanar
probes on both sides of the EAM and measurements were taken
with an HP 3910C network analyzer. The measurement setup
was calibrated to the ends of the probes using a calibration sub-
strate, to accurately isolate the response of the device under test.
All four electrical S-parameters were measured over a range
of DC reverse biases; however, no change in response was ob-
served beyond 2 V. For simplicity, no optical input power was
present during the measurements. The characteristic impedance,
effective index, and microwave loss were then extracted from
the S-parameters using the ABCD matrix method [6].

All devices tested exhibited well behaved transmission line
characteristics over the range of 130 MHz to 20 GHz. Fig. 3
shows the variation in characteristic impedance of 14
TW-EAMs with different ridge widths and levels of undercut.
Only the impedance measured at 20 GHz ( 3-V bias) is shown
since there was little variation over the frequency range. The
measured values range from 15 to 27 with smaller diode areas

Fig. 4. Measured electrical effective index versus ridge width and undercut.

Fig. 5. TW-EAM capacitance and inductance per length.

exhibiting higher characteristic impedances. The EAMs with
the most undercut exhibited the greatest increase in impedance
with the exception of the 2.5- m-wide ridge. In this device,
the selective wet etch reduced the active region width to less
than 0.9 m which was not structurally sufficient to support the
upper cladding during the rest of the fabrication process. This
device also suffered from high series resistance and high optical
loss which confirmed that the ridge structure was damaged.

For InGaAsP–InP-based modulators, the optical group index
is approximately 4, whereas the electrical index is typically
much higher due to the slow-wave propagation which arises
from the diode capacitance, resulting in a velocity mismatch
limitation [7]. The measured electrical effective index for the
same set of EAMs is shown in Fig. 4. The results show that
the reduced capacitance of the narrowed ridge and undercut
waveguide significantly lowers the electrical index. In the case
of the 3.0- m ridge, the index is reduced from 5.5 to 3.7 after
the undercut etch, demonstrating that the electrical velocity can
be designed to exceed the optical velocity.

From the impedance and index measurements, we have also
extracted the capacitance and inductance per length of each of
the structures (Fig. 5). As expected, the inductance is nearly con-
stant for all of the devices since the metal electrodes are iden-
tical but the capacitance becomes significantly lower as the core
width is reduced. The minimum capacitance achieved in these
devices was 0.45 pF/mm corresponding to a InGaAsP width of
1.4 m.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on December 22, 2008 at 17:02 from IEEE Xplore.  Restrictions apply.



1304 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 20, NO. 15, AUGUST 1, 2008

Fig. 6. Microwave loss parameter ��� (upper) comparing deep etched and un-
dercut (1.6 �m) waveguides with for ridge width of 3.0 �m and (lower) com-
paring ridge width for undercut (1.6 �m) waveguides.

Fig. 7. Small signal E-O response for 3.0-�m deeply etched (�) and undercut
(� ) (1.6 �m) EAMs. “Forward” denotes copropagation and “Reverse” denotes
counterpropagation of electrical and optical waves.

The TW-EAM structure is inherently lossy due to the diode
resistance in series with the junction capacitance. However, ex-
traction of the resistance values requires knowing the ratio of
internal to external capacitance within the device [8]. Here, we
have instead extracted the total microwave loss for both deep
etched and undercut EAMs with 3.0- m cladding and also for
the undercut EAMs of varying ridge width (Fig. 6). In both
cases, the loss decreases as the active region width is reduced.
It is especially worth noting the reduced loss with decreasing
ridge width, even though in this case the series diode resistance
is higher. This is because is proportional to but only
linearly proportional to and is, therefore, dominated by the
junction capacitance [3].

IV. ELECTRICAL-TO-OPTICAL (E-O) RESPONSE

To demonstrate that the undercut waveguide is beneficial to
the EAM performance, the E-O responses have been compared.

The response was measured on devices with a 26- integrated
termination to be closely matched to the EAM impedance.
The measurement was performed with an Agilent 8364A
50-GHz network analyzer and high-speed photodetector with
a known frequency response. Light from an external laser
source at 1.55 m was coupled through the devices both for-
ward and backward to compare the traveling-wave enhanced
response. Fig. 7 shows the result of the E-O measurements for
the 3.0- m-wide modulators at 2.0-V reverse bias. In both
devices, the increased response below 1 GHz is caused by the
low-frequency limit of the on-chip capacitor. The undercut
device 3-dB bandwidth is approximately 45 GHz compared
with 25 GHz for the deeply etched device. Furthermore, the un-
dercut modulator shows a 10-GHz enhancement in the forward
traveling response compared with the reverse measurement,
demonstrating the significance of the traveling-wave design.

V. CONCLUSION

We have presented an analysis of the microwave properties
of TW-EAMs with selectively undercut active regions. We have
shown that reducing the width of the waveguide core raises the
characteristic impedance of the electrode by up to 35% and sig-
nificantly lowers the microwave loss. Furthermore, the selective
undercut can be used to reduce the junction capacitance suffi-
ciently to achieve true velocity matching of the electrical and
optical traveling waves. Using this fabrication technique, we
have increased the 3-dB bandwidth of a 400- m-long device
from 25 to 45 GHz. These improved modulator designs can be
incorporated with tunable lasers in future work on high-speed
transmitters and monolithic wavelength converters.
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The recent commercial success of viable multi-funtion InP-based Photonic ICs (PICs)[1,2] has altered the perception 
of many in the field that such components would continue to be products for the future, products that could not 
compete with hybrid approaches that could optimally incorporate known-good-die to give superior performance and 
reliability.  Now there would appear to be fairly wide-spread acceptance of some monolithic integration 
technologies for at least some applications.   Reductions in size and weight have not been too surprising, but 
improvements in cost, power dissipation, reliability, and even performance are the real reasons for these successes.   
The buzz seems to be that many component vendors are now trying to develop such PICs for a variety of 
applications.   

At the core of most PICs is a basic active-passive waveguide integration technique, and this largely determines the 
viability of the resulting integration platform.  Much of the basic work occurred more than a decade ago[3-5], and 
this led to a few successes, such as the integration of an electro-absorption modulator (EAM) with a DFB laser (the 
so-called EML), but until recently there have not been many PICs in production, certainly not ‘multi-functional’ 
ones.   

In this tutorial a number of integration platforms will be reviewed and discussed[4-6].  Commercial examples as 
well as some newer proof-of-principle multi-functional PICs will be introduced to evaluate the viability of some of 
these integration approaches.  The pro and cons of each approach will be identified.  Some discussion of alternative 
hybrid integration approaches will also be given.   

Figure 1 is an example of a single-chip, widely-tunable, data-format-transparent all-photonic transceiver that 
incorporates an SOA-PIN receiver with an SGDBR-EAM transmitter[7].   In the example given, the stages are 
internally connected to provide seemless wavelength conversion with only DC biases applied to the chip.   Overall 
chip gain with some degree of regeneration has been demonstrated with this kind of configuration [8]. 

 

 

 

 

 

 

 
 

Figure 1.  (Left): 5-40Gb/s NRZ or RZ wavelength converter tunable over 40 nm about 1550 nm.  (Center):  Cross section of a periodically-
loaded, traveling-wave EAM with an undercut waveguide.  (Right): Converted outputs at 20 and 40 Gb/s for (a) NRZ or (b) RZ.   
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Abstract: A novel fabrication process has been developed for fabricating
undercut-etched electroabsorption modulators that are compatible with
tunable lasers. This process allows for the incorporation of highly doped
p-type InGaAs above the upper cladding as an ohmic contact layer. The
EAM demonstrates significant improvement in the microwave performance
with little effect on modulation efficiency due to the undercut etching. This
device uses a traveling wave electrode design with an integrated, matched
termination resistor to demonstrate a 34 GHz 3-dB bandwidth for a 600 µm
long modulator.
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1. Introduction

Traveling-wave electroabsorption modulators (EAMs) in InP-based materials are attractive de-
vices for optical fiber communications due to their compact size, high speed, and low drive
voltage. These devices are also very well suited for monolithic integration with semiconduc-
tor lasers, allowing for minimal coupling loss and simple packaging of single-chip transmit-
ters [1, 2, 3]. Recently, selective wet-etching of the waveguide core has been demonstrated
to significantly increase the bandwidth of EAMs as well as to reduce the optical propagation
loss. There have been several reports of such devices with bandwidths as high as 50 GHz in
both InP/InAlGaAs [4] and InP/InGaAsP [5] [6] material systems. Typically, InP-based de-
vices make use of lattice-matched indium gallium arsenide as an intermediate semiconductor
layer, because the lower band-gap allows for good ohmic contacts. However, since InGaAs is
susceptible to the same wet etch chemistries as InAlGaAs and InGaAsP, undercut EAMs have
previously been limited to using highly doped p-InP instead as the upper metallization inter-
face. This type of contact scheme is not ideal for integration with forward biased devices such
as semiconductor lasers, because high-resistance contacts can lead to excess heat generation
and lower optical output power.

In this work, we present the first undercut InGaAsP-region modulator which allows the in-
corporation of a p+-InGaAs contact layer. For these devices, we have developed a novel partial-
sidewall mask process to protect the contact layer while leaving the waveguide core exposed
to the selective wet etch. The material structure and fabrication process are compatible with
those used for widely tunable sampled-grating (SG)DBR lasers. These EAMs show signifi-
cantly improved performance due to the selective undercut as well as considerable bandwidth
enhancement when operating in a traveling wave regime. We demonstrate EAMs up to 600 µm
long EAM with a 3-dB bandwidth in excess of 30 GHz and open eyes at 40 Gb/s. The dynamic
extinction ratio for this device is 6.0 dB with a 1.6 V drive.

2. Material structure

Efficient EAMs have previously been integrated with SGDBR lasers using either a dual quan-
tum well integration platform (DQW), where separate sets of QWs define the gain and modula-
tion regions [7], or a quantum well intermixing platform (QWI), where the band edge of single
set of QWs is shifted to achieve the desired functionality in each region [3]. The epitaxial layer
structure for this device, grown by metal organic chemical vapor deposition (MOCVD), was
designed to be compatible with either of these integration techniques (Fig 1(a)). The multi-
quantum well (MQW) stack centered in the waveguide consists of ten 90 Å wells separated by
nine 50 Å barriers with a band edge corresponding to a photoluminescence peak (λPL) of 1465
nm. Although only a single growth is required for the EAM, the p-doped cladding was regrown
separately to be consistent with laser fabrication.

3. Undercut fabrication

Fabricating the undercut waveguide requires deeply etching a ridge to expose the InGaAsP
MQW material, followed by a selective wet-etch to reduce the core of the waveguide. We have
chosen sulfuric acid, hydrogen peroxide, and DI water, mixed 1:1:10, as the undercut etchant,
because of the high selectivity between InGaAsP and InP, and process repeatability. However,
the lateral etch rate for InGaAs is more than 3 times faster than for InGaAsP [8], leading to the
undesired removal of the contact layer during the undercut process. Fig. 1 shows a cross section
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Fig. 1. (a) Epitaxial layer structure of undercut TW-EAM. (b) Cross section of ridge struc-
ture after 15 min. selective wet etch. The narrow InGaAs layer was broken during cleaving.

Fig. 2. Fabrication process for undercut EAM. (a) Surface ridge after 400 nm SiN deposi-
tion. (b) SiN nitride sidewall mask formation by vertical RIE. (c) Final cross-section after
deeply etching ridge and 15 minute selective wet etching.

of a 3 µm wide ridge after 15 minutes of selective wet etching. In this case, the InGaAsP was
etched only 0.5 µm, while the InGaAs layer was almost entirely removed.

During the modulator fabrication, it was therefore necessary to protect the InGaAs from the
lateral etch before undercutting the waveguide core. This was accomplished by forming a partial
sidewall mask, detailed in Fig. 2. First, the modulator ridge of the device was patterned using a
100 nm thick silicon nitride hard mask. The upper cladding was etched by methane-hydrogen-
argon (MHA) reactive ion etching (RIE) followed by a hydrochloric/phosphoric acid (1:3) wet
etch to stop exactly above the InGaAsP. A 400 nm-thick layer of SiN was then deposited by
plasma enhanced chemical vapor deposition (PECVD). The SiN was subsequently etched by
RIE using CF4. Due to the anisotropy of the RIE, the SiN was preserved on the sidewalls of the
ridges, while being completely removed from the horizontal surfaces. Active laser monitoring
of the RIE prevented removal of the original 100 nm of SiN from the top of the ridge. This
remaining SiN was then used as an in situ mask to deeply etch through the waveguide and
lower cladding with MHA. Finally, a timed selective sulfuric-peroxide wet-etch was used to
undercut the waveguide core. Figure 2(c) shows the final modulator geometry after etching for
15 minutes with the contact layer clearly intact.

Simulations of the optical mode profile have been performed to determine how the undercut
etch effects the optical waveguide properties and modulation efficiency. Figure 3 shows the
calculated overlap of the optical mode with the quantum wells as the core width is varied. For
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Fig. 3. Modal confinement in MQW active region vs quaternary waveguide width for 3 µm
wide cladding. Insets (a)-(d) depict mode profile for 1.0, 1.5, 2.0, and 2.5 µm wide.

a waveguide core reduced from 3 µm to 1.25 µm, the difference in confinement is only 1%
(0.194 to 0.184). However, for core widths less than 1 µm, the modal overlap declines rapidly.
This is evident from the mode profile contours which show more of the optical power leaking
out into the cladding as the core becomes narrower.

4. Modulator design

A photograph of the fabricated modulator is shown in Fig. 4(a). The device consisted of a
surface ridge waveguide at the facets which tapered into undercut waveguide for the active
modulator length. Using the fabrication technique described above, the core of the 3 µm ridge
was selectively wet-etched for 40 minutes to reduce the width to 1.4 µm. A AuGe ground plane
was defined on both sides of the ridge before the ridge was buried in benzocylcobutene (BCB)
as a low-k dielectric. A via was etched through the BCB and the sacrificial InP cap layer was
removed to expose the p-InGaAs prior to final Ti/Pt/Au metallization. The metal electrode was
designed as a 600 µm microstrip line such that the electrical and optical signals co-propagate
along the length of the device. A coplanar waveguide (CPW) allowed for directly probing on
one side of the transmission line while the opposite side was terminated with a integrated NiCr
thin-film resistor. A metal-insulator-semiconductor (MIS) capacitor was also added to eliminate
the DC power dissipation in the resistor [9]. A schematic depicting the competed device cross
section is shown in Fig. 4(b).

5. Electrical characterization

The TW-EAM has been characterized by electrical scattering parameter measurements. For
these experiments, modulator test structures with CPW pads on both sides were fabricated to
allow for 2-port electrical characterization with a vector network analyzer. We have compared
the magnitudes of the S21 and S11 measurements for 600 µm long EAMs with and and without
the selective undercut. The response of both devices is shown in Fig. 5 for -2.5 V DC bias.
The undercut device clearly exhibits better microwave performance with greater bandwidth
and much lower return loss. From the S-parameter data, the transmission line characteristics of
the TW-EAM have been extracted using the ABCD matrix method [10]. As shown in Fig 6(a),
the characteristic impedance is raised from 20 Ω to 28 Ω due to the capacitance reduction of
the undercut etch.
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Fig. 4. (a) Fabricated TW-EAM with integrated resistor and capacitor termination. (b)
Schematic cross-section of device and metallization layers.

Fig. 5. Comparison of 2-port electrical S-parameters for TW-EAM with (solid) and without
(dotted) undercut etching. DC bias is -2.5 V.

The electrical velocity in InP-based TW-EAMs is typically much lower than the optical ve-
locity due to the slow-wave mode propagation induced by the diode capacitance. For long
EAMs, this velocity mismatch can be a limiting factor for the bandwidth of the device. In
InP/InGaAsP waveguides the optical group index is typically about 4 [11]. Fig 6 shows that
with the undercut waveguide, the electrical index has been reduced from around 6 to 4, thereby
achieving better velocity matching to the optical wave. The microwave loss has also been ex-
tracted for both devices as a function of frequency. Because the electrical attenuation coefficient
(α) is dominated by the junction capacitance [12], the undercut is beneficial as well for improv-
ing the microwave loss.

6. Optical measurements

We have compared the modulation efficiency for the TW-EAM with and without the under-
cut etch. Figure 7(a) shows the DC extinction characteristics for both devices. For TE polarized
light, the devices exhibit comparable extinction as predicted from the simulation, demonstrating
that the undercut narrower waveguide does not effect the efficiency of the TW-EAM. Small sig-
nal electrical to optical (EO) responses have been measured for the undercut TW-EAM, shown
in Fig. 7(b). A continuous wave optical signal was coupled through each facet to compare the
forward and backward traveling-wave response. For a termination resistance of 26 Ω, the for-
ward traveling 3-dB bandwidth is 34 GHz. In this case the device is well impedance matched
and well velocity matched, so the bandwidth is limited almost entirely by the microwave loss. If
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Fig. 6. (a) Characteristic impedance, and (b), microwave index and attenuation extracted
from S-parameters. Solid lines and dotted lines denote devices with and without undercut
etching, respectively.

Fig. 7. (a) DC extinction characteristics of EAM with and without undercut for λ =
1550nm. (b) Traveling-wave frequency response for the 600 µm long undercut EAM. The
inset shows the 40 Gb/s (PRBS 231−1) eye for the forward traveling 26 Ω case.

the EAM is terminated with a resistance lower than the characteristic impedance, the reflected
RF power adds constructively to the forward traveling power to generate an enhancement in the
response. With a 14 Ω termination, the resonance peak is 2 dB higher than the initial value and
the 3-dB bandwidth is increased to greater than 50 GHz. The low frequency rise in the response
is caused by the limit of the on-chip capacitor. For data transmission with long word lengths, it
is necessary to add a larger capacitor in parallel off chip to extend the low-frequency range. We
have performed large signal modulation of digital data at 40 Gb/s non-return-to-zero (NRZ).
The inset in Fig. 7 shows the observed modulated output for the device with 26 Ω operating
in the forward traveling regime. The dynamic extinction ratio was 6 dB for a drive voltage of
1.6 V peak-to-peak

7. Conclusion

We have demonstrated a novel fabrication method for incorporating a p-InGaAs ohmic contact
layer with an undercut-etched EAM. This device exhibits no reduction in efficiency due to the

#96794 - $15.00 USD Received 10 Jul 2008; revised 24 Sep 2008; accepted 24 Sep 2008; published 25 Nov 2008

(C) 2008 OSA 8 December 2008 / Vol. 16,  No. 25 / OPTICS EXPRESS  20393



narrowed waveguide after reducing the core width from 3 to 1.4 µm. For a 600 µm long device
with matched termination, the 3-dB bandwidth was 34 GHz. To our knowledge, this is the
longest InP-based EAM ever reported which is capable of modulation rates up to 40 Gb/s. The
material structure and fabrication process used for this device allow for monolithic integration
with SGDBR lasers for future generations of very high bandwidth widely tunable transmitters.
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Abstract— A monolithic separate absorption and moduation
region (SAM) wavelength converter is demonstrated. The trans-
mitter consists of a sampled-grating DBR (SGDBR) laser and
a series-push-pull Mach-Zehnder modulator. The pre-amplified
receiver is composed of a flared semiconductor optical amplifier
and a quantum well pin photodetector. Integrated resistors and
capacitors are used to minimize microwave losses and remove the
need for external bias tees. The design, fabrication and operation
of this photonic integrated circuit is presented. Small signal
response measurements show a device bandwidth in excess of
20 GHz. Operation at 40 Gbps with NRZ data shows less than a
2.5-dB power penalty across the 32 nm laser tuning range with no
additional power penalty for conversion to the input wavelength.

Index Terms— tunable lasers, optical modulation, photonic
integrated circuits (PICs), Mach-Zehnder modulator, semi-
conductor optical amplifier (SOA), sampled-grating DBR laser
(SGDBR), offset quantum wells, wavelength converter.

I. INTRODUCTION

WAVELENGTH conversion will be an important part
of the next generation of optical networks, allowing

for dynamic wavelength management and enabling all-optical
routers. These characteristics reduce wavelength blocking,
where signal contention is an issue allowing the network
to operate with lower latency and at bandwidths closer to
capacity. Devices demonstrating bit-rate transparency, small
form factors and low power consumption will best meet the
demands of these networks. [1]

Monolithic approaches to wavelength conversion are par-
ticularly attractive due to their low packaging costs and
increased scalability. High functionality photonic integrated
circuits (PICs) have been achieved using straightforward in-
tegration platforms requiring only a single blanket regrowth
and simple fabrication. These PICs remove the need for
optical fiber coupling between individual components, which
simplifies packaging and reduces power consumption. The
small footprint of PICs make device arrays realizable.

One of the most extensively studied approaches to wave-
length conversion is the use of semiconductor optical am-
plifiers (SOAs). These devices use cross gain modulation
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Fig. 1. Diagram of the SAM Mach-Zehnder wavelength converter

(XGM) or cross phase modulation (XPM) in a saturated SOA
to convert the input signal to a new wavelength [2]. Filter-
less operation has been reported for SOA-based wavelength
converters at 10 Gbps using Sagnac interferometers [3] and
advanced Mach-Zehnder interferometers [4]. The bandwidth
of SOA-based wavelength converters is inherently limited
by carrier lifetime effects; however, there has been efforts
using delayed interference techniques for return-to-zero data
formats. Monolithically integrated devices including an on-
chip laser and implementing delayed interferometers have been
successfully reported at bit rates of 40 Gbps with return-to-
zero data formats [5], [6].

Recently there has been success with the separate absorption
and modulation (SAM) approach to wavelength conversion.
In this method, a transmitter and receiver are monolithically
integrated on a single chip. The photodiode is directly con-
nected to the modulator allowing the photocurrent from an
absorbed input signal to directly drive an optical electro-
absorption modulator (EAM) [7]. Since the photodiode pro-
duces enough photocurrent to drive the optical modulator there
is no need for any electrical amplification. Due to the spatial
separation of the receiver and transmitter waveguides, SAM
wavelength converters have no optical filtering requirements
and are capable of conversion to the input wavelength. These
devices also have the advantage of lower power consumption
and smaller footprints than comparable SOA-based devices.
Devices utilizing an external light source have demonstrated
bit rates up to 500 Gbps [8]. Monolithic devices with regen-
erative capabilities at 10 Gbps have also been achieved [9].
It has also been shown that the integration of resistors and
capacitors simplify the device operation by removing the need
for external biasing and high-speed probes [7].

The work in this paper utilizes the SAM approach to wave-
length conversion with Mach-Zehnder modulators (MZMs),
instead of EAMs. Optical gates utilizing integrated photode-
tectors and MZMs with gate opening times as short as 5 ps
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have been reported [10]. The use of MZMs are attractive for
their ability to achieve zero or slightly negative chirp and
high extinction ratios. Widely-tunable series-push-pull Mach-
Zehnder modulator transmitters have demonstrated efficient
operation at 40 Gbps [11] and negative chirp making them
an important building block in this work. A widely tunable
sampled-grating DBR (SGDBR) laser is used as the integrated
light source allowing for tuning across 32 nm. The receiver
is composed of a high saturation power SOA and an effi-
cient quantum well photodetector. Wavelength conversion at
40 Gbps is achieved by taking advantage of the bandwidth
benefits of traveling-wave device design. Microwave losses
associated with high-speed probes and external bias tees are
minimized by using a bias scheme requiring only DC probes
and integrating a bypass capacitor and load resistor on-chip.
Similar devices demonstrating error-free operation at 10 Gbps
have been previously reported [12].

This paper is organized as follows; the Mach-Zehnder SAM
wavelength converter is introduced in Section I. In Section II
the material platform and fabrication of the device is discussed.
Sections III and IV cover the design and performance of the
transmitter and receiver sections respectively. Finally, Sec-
tion V presents the biasing and operation of the fully integrated
wavelength converter at 40 Gbps with an non-return-to-zero
(NRZ) data stream. This is followed by a conclusion and
summary of work.

II. INTEGRATION PLATFORM AND FABRICATION

The epitaxial material structure is grown by MOCVD on
a semi-insulating substrate to allow for isolation between
the transmitter and receiver ridges, as well as to reduce the
capacitance of high speed pads. The wavelength converter’s
dual quantum well (DQW) integration platform is comprised
of two sets of quantum wells (Fig. 2) [13]. A set of offset
quantum wells (λPL = 1550 nm) are used in the gain section
of the SGDBR and the SOAs. These wells are also reverse
biased for use in the absorbing region. A separate set of
seven quantum wells (λPL = 1465 nm) are centered in the
1.2-Q InGaAsP waveguide and aid the modulator efficiency
by the utilization of the quantum confined Stark effect [14].
These centered wells are present throughout the device and
therefore must be detuned from the operating wavelength to
maintain low optical passive loss. An additional benefit of
the centered quantum wells is the lower waveguide doping
needed compared to bulk modulator regions. This means lower
biases are necessary to fully deplete the waveguide, as well
as more of the waveguide depleting thus reducing the ridge
capacitance.

Initially, the offset quantum wells are removed with a wet
etch from all passive areas (everywhere but the laser gain
sections, the SOAs and the absorber), this is followed by dry
etching of the holographically defined gratings in the grating
burst regions. At this point, the single blanket regrowth of
the InP cladding and InGaAs p-contact layer is performed.
Following the regrowth, the ridges are are defined using a
dry etch and a wet cleanup etch to insure smooth sidewalls.
The device junction capacitance is reduced by etching into

Fig. 2. Material structure of device. Epitaxial structure in the active regions
is shown on the left and the passive regions is shown on the right.

the top 1000 Å of the waveguide, which became p-doped
due to diffusion during the regrowth. The n-InGaAs contact
layer is then exposed and the Ni/AuGe/Ni/Au n-contacts are
deposited. The receiver and transmitter ridges are isolated by
etching a 100 µm wide strip down to the Fe-doped substrate
between the two ridges, at this time the semiconductor resistor
is also isolated from the rest of the n-contact layer. Photo-bis-
benzocyclobutene (BCB) deposited under the high speed pads
reduces the device capacitance. The p-contacts are evaporated
following BCB deposition and exposure of the ridge tops. A
proton implant was used to electrically isolate the pads and to
reduce optical losses.

The devices were then thinned, cleaved and a multi-layer
antireflection (AR) coating was applied to the facets. In
addition to the AR coating, curved and flared ridges were
used to reduce facet reflections. The devices were mounted
on aluminum nitride carriers for testing and the contacts were
wirebonded to the carrier. All biases were applied with a DC
probe card. The fabricated wavelength converter has a footprint
of 3.3 mm × 0.46 mm.

III. TRANSMITTER

The five section widely tunable SGDBR laser used for the
integrated light source consists of: a rear absorber, rear mirror,
phase section, gain section and front mirror. These lasers are
capable of achieving a quasi-continuous tuning range greater
than 40 nm. Coarse tuning is achieved with a vernier based
tuning mechanism controlled through current injection into the
front and rear mirrors, while a phase sections allows for finer
wavelength adjustment [15] [16]. A 500 µm long SOA follows
the SGDBR allowing for power adjustments without effecting
the lasing wavelength and blocking of the laser signal during
wavelength tuning.

The Mach-Zehnder interferometer is composed of a 1×2
multimode interferometer (MMI) to split the light from the
SGDBR and a 2×2 MMI to combine the light at the output.
A forward-biased phase electrode within the Mach-Zehnder
interferometer is used to insure the interferometer is biased
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Fig. 3. Diagram of the test modulator transmission lines.

for maximum extinction ratios. The Mach-Zehnder modulator
is operated in a series-push-pull fashion with the microwave
signal from the photodiode applied across the tops of the
two modulator arms. This configuration puts the two arms
of the Mach-Zehnder in series along the microwave signal
path. Therefore, the capacitance associated with the diodes
is in series, effectively halving the device’s capacitance. The
reduction in device capacitance translates into higher band-
widths [17], [18]. Additionally, similar transmitters with se-
ries push-pull Mach-Zehnder modulators have been shown to
produce output signals with negative chirp, which is important
to maximize transmission distances [11]. It is expected these
chirp characteristics will translate to the wavelength converted
signal. Semiconductor resistors are integrated for on-chip
terminations and to minimize the microwave loss.

The series-push-pull Mach-Zehnder modulator has been
designed as a traveling wave structure with a characteristic
impedance matched to 50 Ω. In order to reduce the trans-
mission line capacitance thus increasing the transmission line
characteristic impedance, the ridge width is reduced from
3 µm in the laser and SOA regions to 2 µm within the
modulators. Additionally, the coplanar stripline (CPS) is ca-
pacitively loaded with periodic 50 µm long T-structures con-
tacting the ridge. This configuration distributes the capacitance
and increases CPS gap, which increases the characteristic
impedance of the device. Unloaded, the transmission line
impedance is 125 Ω. The Mach-Zehnder ridges add significant
capacitance to the transmission line thus reducing the charac-
teristic impedance to 50 Ω. Using s-parameter measurements
as described in [19], the CPS transmission line parameters
were extracted. All transmission lines measured were 800 µm
long; however the number of T-structures was varied to change
the amount of loading (Fig.3). The characteristic impedances
for devices of lengths 300 µm (6 T-structures), 400 µm
(8 T-structures) and 500 µm (10 T-structures) and loading
of 38%, 50% and 63% respectively are shown in Fig. 4.
The characteristic impedances for identical transmission line
structures without loading are also shown in Fig. 4. The
index of the transmission lines was also extracted yielding
an index of 6, which although mismatched from the optical
group index of 4 does not have a significant impact on the
device bandwidth.

The wavelength converter utilizes a 300 µm long Mach-
Zehender modulator with six 50 µm long T-structures.
Transmitter bandwidth measurements for a 300 µm long
Mach-Zehnder modulator for co-propagating and counter-
propagating electrical and optical waves were taken to con-

Fig. 4. Characteristic impedance of capacitively loaded transmission lines
used in Mach-Zehnder modulator for unloaded lines and the loaded lines
including the MZM ridge (VMZ1 = VMZ2 = -2 V).

Fig. 5. Traveling wave bandwidth for 300 µm long Mach-Zehnder
(VMZ1 = VMZ2 = -2 V and Rload = 50 Ω).

firm the traveling wave operation of the modulator (Fig. 5).
These measurements show an 10 GHz improvement with co-
propagation when the termination is matched to the transmis-
sion line impedance verifying the traveling wave operation of
the device.

IV. RECEIVER

The receiver ridge is composed of linearly flared SOA and
a 35 µm long taped quantum well photodetector [20]. The
receiver section must generate enough photocurrent to drive
the modulator while avoiding saturation effects. Quantum well
detectors are quite attractive for their ease of integration with
gain regions and their high absorption coefficient [21]. Saturat-
ing the photodetector will cause field screening problems due
to trapped carriers thus reducing the device bandwidth. While
the deep offset quantum wells are advantageous for providing
carrier confinement in the gain regions of the wavelength
converter, these same wells allow for poor carrier escape
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Fig. 6. Small signal measurements for a 50 µm long quantum well
photodiode tapered from 9 µm to 2 µm (VPD = -4 V, Rload = 25 Ω and
Pin was varied).

causing field screening which is detrimental when used as
absorbing region. This is why it is necessary to provide a
significant reverse bias (-4 V to -6 V) on the detectors to
prevent saturation. Additionally, the detectors start off quite
wide in the front end (9 µm) and taper off to 2 µm as more
power is absorbed. This design allows for lower photocurrent
densities at the front of the device, while still keeping area and
capacitance to a minimum. The saturation characteristics of a
50 µm long photodetector have been measured by comparing
the small signal response for various input photocurrents
(Fig. 6), and no saturation effects have been observed for
photocurrents up to 40 mA which is sufficient to drive the
modulator. The small signal response measurements for this
photodetector terminated in 25 Ω shows a bandwidth of
20 GHz.

The carrier density within an SOA will vary with significant
input powers. The response time associated with a saturated
SOA will induce pattern effects significantly degrading the
converted signal. The saturation power of an SOA is governed
by Equation 1 which shows the saturation power of the SOA
can be increased by reducing any of the following parameters:
carrier lifetime (τ ), active region power density (Γxy/(wd)) or
differential gain (a).

G = Goexp

[
−

G− 1
G

Po

Ps

]
, Ps =

wdhν

aΓxyτ
(1)

The most straightforward way of increasing the saturation
power is through the carrier lifetime which is inversely depen-
dent on current density. Therefore, it is beneficial to operate the
SOAs at the highest currents possible without the gain rolling
over from heating. Further enhancements in the saturation
power can be achieved by altering the geometry of the SOA
to reduce the active region power density. In this work, the
power density has been reduced by laterally flaring the SOA
to provide a significant improvement in the device saturation
power [20]. However, careful calculation of the flare length

Fig. 7. Simulation of the effects of ridge width and current density on output
saturation power.

Fig. 8. Schematic of wavelength converter biasing.

and widths are necessary as wider SOAs will require more
current adding to device power consumption and heating.
Ideally the SOA will flare at the same rate as device gain
staying just below saturation the whole way. These effects
have been modeled and the results are shown in Fig. 7 [22].

The amplifiers in the wavelength converter were designed
based upon the modeling. A 3 µm wide and 500 µm long
straight SOA was implemented to boost the initial input power.
This is followed by a 550 µm long SOA flared laterally from
3 µm to 12 µm wide to achieve high saturation powers. These
amplifiers were coupled with 35 µm long tapered quantum
well photodiodes. These receivers are polarization dependent
due to the compressive strain in the quantum wells; therefore
the input signal polarization was adjusted to TE to allow for
maximum gain during all measurements. This dependence is
typical of devices implementing strained quantum wells and
could be eliminated through the redesign of the SOA and
photodetector quantum wells [23].

V. WAVELENGTH CONVERTER

A. Biasing

It is beneficial to design a biasing scheme that allows for
most of the electrical passive components to be integrated
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Fig. 9. Simulated effect of capacitor value on the low frequency cutoff value
of the wavelength converter. The dip seen at 1 GHz is due to a LC resonance
between the on-chip capacitor and the wirebonds to the on-carrier capacitor.

onto the monolithic chip for the minimization of microwave
losses, ease of testing and scalability of devices into arrays.
The integration of resistors and capacitors insures that external
bias tees are not needed for operation. The result of these
efforts is the biasing scheme shown in Fig. 8. This biasing
scheme allows direct bias control of one arm of the MZM.
The other MZM arm and the photodiode are biased through
the resistor; therefore, their exact bias point will vary based
on the DC photocurrent level.

The on-chip termination resistor was fabricated from the
InGaAs n-contact layer of the epitaxial material. In order to
achieve the desired resistance value it is important to obtain an
accurate measurement of the n-InGaAs sheet resistance. The
sheet resistance was extracted using circular transfer length
measurements (TLMs) [24] and the resistor dimensions were
designed accordingly. This allowed the resulting resistors to
be within 94 % of the desired value. The fabrication of these
resistors require the material surrounding the resistor to be
etched to the semi-insulating substrate thus providing proper
electrical isolation from the rest of the device. The power
handling capabilities of the resistor are quite good, as over
6 V can be applied across it without damage. Therefore, the
resistors should not fail within the typical operating conditions
of the wavelength converters.

An on-chip capacitor was used as a RF bypass capacitor
for biasing. This parallel plate capacitor was formed from
the InGaAs n-contact layer and the p-metal with 3000 Å of
SiNx as the dielectric. The resulting capacitor has an area
of 0.111 mm2 and a capacitance of 19 pF. Since this on-
chip capacitor is too small to provide a path for the signals
low frequency components, an additional 220 nF on-carrier
capacitor has been wirebonded in parallel with the integrated
capacitor. The effect of the capacitor size on the low frequency
cutoff of the wavelength converter can be seen in Fig. 9.
Additionally, a small resistor (2 Ω) is used in series with the
carrier capacitor to dampen any LC resonances caused by the
inductance of the wirebonds.

Fig. 10. Small signal response of wavelength converter. (Rload = 25 Ω;
VDC2 = -5 V and varying values of VDC2-VDC1.)

Fig. 11. BER measurements for conversion at 40 Gbps for varying input
wavelengths to an output wavelength of 1545 nm. Back to back measurements
are plotted with solid lines and converted measurements are plotted with
dashed lines. (Pin = 0.4 mW; Igain = 100 mA; ITxSOA = 120 mA;
IRxSOA1 = 185 mA; IRxSOA2 = 250 mA, VDC2-VDC1= -2 V and
VDC2 = -5.6 V)

B. Experiments

The bandwidth of the device was measured using a
HP3705A network analyzer. The wavelength converter demon-
strated greater than 20 GHz bandwidth as shown in Fig. 10.
The slight bandwidth enhancement seen at 10 GHz is due
to the impedance mismatch between the 50 Ω transmission
line of the Mach-Zehnder modulator and the 25 Ω integrated
termination resistor. The improvement in bandwidth with
reverse bias is due to a capacitance reduction from an increase
in the depletion region of the device.

Bit error rate (BER) measurements with a NRZ 27-1 pseu-
dorandom bit stream were taken with a 40 Gbps SHF bit-
error-rate-tester (BERT). The word length was limited by the
setup noise floor. The output of the BERT was amplified
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Fig. 12. 40 Gbps BER measurement for conversion from an input wavelength
of 1550 nm to varying output wavelengths. (Pin = 0.4 mW; Igain = 130 mA;
ITxSOA = 110 mA; IRxSOA1 = 185 mA; IRxSOA2 = 250 mA; VDC2-
VDC1=-2 V and VDC2 = -5.6 V)

Fig. 13. 40 Gbps eye diagrams for conversion from 1550 nm to varying
output wavelengths across the SGDBR tuning range.

by a high power eribum doped amplifier (EDFA), followed
by a polarization controller before being coupled into the
wavelength converter using a conically tipped lensed fiber.
The output of the wavelength converter was coupled into a
conically tipped lensed fiber and connected directly to the
commercial pre-amplified optical receiver.

In order to achieve the bandwidth necessary for error-
free operation at 40 Gbps, a high-speed ground-signal probe
terminated in 50 Ω was placed in parallel with the integrated
25 Ω termination resistor. This configuration makes the ef-
fective termination 17 Ω. In future device fabrication runs, the
resistor can be designed for a smaller value and no high-speed
probes would be necessary. The input power was 0.4 mW,
which generated 28 mA of photocurrent in the photodetector.
These power levels allow the SOA to be operated below the
output saturation power. All measurements were taken at a
temperature of 19o C. The DC bias points on the MZM and
photodiode were -2 V and -5.6 V respectively.

Error free operation was achieved for conversion between
varying input wavelengths and an output wavelength of 1545
nm. The BER measurements showed power penalties less than
2 dB (Fig. 11). One of the advantages of the SAM wavelength
converters is the ability to convert to the input wavelength and
the BER measurements confirm this with no additional power
penalty for input wavelength conversion. The change in slope
of the back-to-back and converted BER measurements for an
input power of 1545 nm is due to the wavelength dependance
of the commercial transmitter used in the test setup. Bit-
error-rate measurements were also taken for conversion from
1550 nm to wavelengths across the SGDBR tuning range
(1528 nm-1561 nm) resulting in power penalties less than
2.5 dB (Fig. 12). The open eye diagrams for this conversion
experiment are seen in Fig. 13. The increased power penalty
for conversion to 1561 nm is due to the decreased efficiency
of the modulator at longer wavelengths. The coupling loss
between the chip and fiber were approximated to be 3 dB for
both the input and output facets. The wavelength converter was
operated with an input power of -4 dBm and output powers
of -7 dBm; therefore, the device facet-to-facet conversion
efficiency was -3 dB.

VI. CONCLUSION

A monolithic separate absorption and moduation region
(SAM) wavelength converter has been fabricated with an inte-
grated resistor and capacitor. This device presents a realizable
solution for wavelength conversion with a small footprint
and low-power dissipation. The transmitter ridge consists of
a widely tunable SGDBR and a traveling-wave series-push-
pull Mach-Zehnder modulator. The receiver ridge utilizes a
high-saturation power flared SOA and a tapered quantum well
absorber. This device requires no external bias tees due to
the integration of a parallel plate capacitor and semiconductor
resistor. The spatial separation of the input and output wave-
lengths allows for no optical filtering requirement.

The wavelength converter’s small signal response measure-
ments showed a bandwidth in excess of 20 GHz. This Mach-
Zehnder SAM wavelength converter is the first monolithic
wavelength converter reported to operate at 40 Gbps using
NRZ data. Characterization at 40 Gbps demonstrated power
penalties of less than 2.5 dB across the laser tuning range of
32 nm. Additionally, there was no additional power penalty
observed for conversion to the input wavelength.
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1. Introduction 
 

Optical buffering is one of the major challenges in realizing the benefits of optical packet switching.  However, a 

compact, scalable, high bit-rate solution has yet to be demonstrated [1]. The majority of optical buffering approaches 

can be generalized as either feedback or feed-forward buffers, many of which implement two-by-two and one-by-

two switches [2, 3]. Although reasonable storage times have been demonstrated, there have not been any practical 

compact solutions. The buffer presented here is demonstrated without any additional components in the delay loop 

and can be easily integrated with an on-chip silicon or silica delay. To the authors’ knowledge, this device has the 

best performance for a buffer approach amenable to integration. 
 

2. Buffer design 
 

A recirculating buffer approach is chosen to provide dynamic control of storage times with the granularity of the 

delay line length. Recirculating buffers have been pursued with success in the past using fiber loops [4, 5] and 

therefore show promise for a practical buffer if they can be designed to be amenable to integration while not 

sacrificing performance. The buffer combines a 2x2 InP-based switch with 450 centimeters of fiber or silica delay 

line (Fig. 1a). The delay line length is chosen to be slightly longer than the length of a packet and its guard bands; 

thus allowing the greatest resolution in possible delay times.  

              
Fig. 1. a) Schematic of 2x2 switch with amplifiers. b) SEM image of the switch affixed and wire-bonded to a submount.  

 

Recirculating buffers place significant performance requirements on the 2x2 switch. To be competitive, the 

switch must be bit-rate scalable up to 40 Gb/s, have low crosstalk (< -40 dB) and high extinction ratios (>40 dB) for 

cascadability [6], and be able to switch within packet guard bands. The semiconductor optical amplifier (SOA) gate 

matrix switch is the most promising switch choice for recirculating buffers because it is fast, meets the crosstalk 

requirement, and has low insertion loss. During operation, the signal is split toward the two possible ports and the 

switching amplifier is turned on for the desired path while the other path’s amplifier is left off to absorb the 

remainder. A fabricated switch was previously characterized with good performance up to 40 Gb/s and switching 

times less than 2 ns [7]. A second generation for integration was fabricated and is shown in Fig. 1b.  

The InGaAsP/InP SOA gate matrix switch presented here has an improved integrated amplifier layout and 

waveguide routing. The switch uses an offset quantum well platform in which the quantum wells are grown above a 

bulk waveguide layer. This results in an offset between the peak of the mode and the gain region and thereby lowers 
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the confinement factor. The benefits of this platform include ease of fabrication, the possibility of future integration 

with other standard photonic integrated circuits, and linear performance at higher output powers due to the lower 

confinement factor [8]. Many-body gain simulations were performed to optimize the placement and lengths of the 

amplifiers in order to distribute the gain and minimize saturation. The total gain is designed to exceed the loss by 

only several dB. Therefore, during the first several circulations there is slight gain until the amplified spontaneous 

emission (ASE) builds up and detracts slightly from signal gain. The amplifier lengths range from 200 µm long for 

the switching amplifiers in the shortest path up to 650 µm long for the input amplifier and the amplifiers on both 

ends of the delay. In addition, the amplifier directly before the delay is flared as it will see the most power. An 

additional component is the tightly confining, deeply etched bend to avoid crossing waveguides while allowing the 

input and output ports to be positioned on the side opposite to the delay ports.  
 

3. Measurements 
 

3.1 Measurement setup 
 

The experiments were performed on devices that were soldered and wirebonded to aluminum nitride submounts and 

subsequently affixed with thermal compound to a copper mount. The submounts were cooled to approximately 

18˚C. Lensed fibers were used at each of the four ports to couple light on and off the chip. The optical signal (1550 

nm) was modulated using an SHF 50 Gb/s BERT with RZ 2
31

-1 pseudo-random bit sequence (PRBS) data at 40 

Gb/s. Packet measurements were made using 40-byte packets which contained identifier strings for characterization. 

A variable attenuator and a polarization controller were placed in the setup before the device to maintain a TE-

polarized input since the quantum well amplifiers are polarization dependent. A 1.2-nm bandpass filter was placed 

before the receiver to reduce the ASE.  

 

3.2 InP switch 
 

Static measurements and bit error rate testing were performed using continuous data at 40 Gb/s to characterize the 

performance of the switch. The chip gain from the input port fiber to the delay fiber was approximately 2 dB. The 

sensitivity degradation for the four port configurations at 40 Gb/s is shown in Fig. 2a. The back-to-back 

measurement is taken as a reference for the system by bypassing only the device under test with a fiber patch cord. 

As can be seen in Fig. 2a, the measurements show negative power penalty. This is due to reshaping from the 

amplifiers and the bandpass filter used to reduce the accumulated ASE. The primary limitation of sensitivity is the 

ASE that builds up in the amplifiers. The dynamic range of the input power is shown below in Fig. 2b and is greater 

than 15 dB. 

 
Fig. 2. a) BER vs. optical power at 40 Gb/s RZ 231-1. b) Operable range of input powers for the path from the input port to the delay port. 

 

3.3 Buffering 
 

The InP-based switch was combined with a fiber delay loop to demonstrate successful optical buffering of packets. 

The fiber delay was chosen to be 23 ns, which is therefore also the resolution of the storage time. Optical signal-to-

noise ratios (OSNR) were measured by taking the difference of the power of the signal and the noise at a wavelength 

1 nm away. These calculations were done for a range of the input power to the device for all storage times from 1 to 

10 circulations. The back-to-back OSNR was 53 dBm. 
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Fig. 3. a) Optical signal-to-noise ratios as a function of number of circulations for a range of input powers. b) Packet 

recovery percentage as a function of received power for back-to-back and 1, 8, and 10 circulations. 

 

Packet recovery data was then taken to demonstrate that the data was preserved. Due to the size and 

spacing of the packets, the BERT can not synchronize to the data; therefore bit error rate measurements are 

not possible. Packet recovery is used as a Layer 2 metric that can predict the buffer’s ultimate success in an 

all-optical router. Forty-byte packets were stored for up to 184 ns with recovery greater than 98%, as shown 

in Fig. 3b. In addition, the dynamic range of the buffer was tested for 4 circulations and shown to be error-

free over an 8 dB range of input power (Fig. 4a). Lastly, a 5-nm bandpass filter was used in the 

recirculation loop to reduce the ASE buildup. Figure 4b shows the improvement provided by the filter, 

which increases the maximum storage time to 230 ns. 

 
Fig. 4. a)  Packet recovery measurements for varying input power for a delay of 4 circulations. 

b) Improvement shown in packet recovery by using a bandpass filter in the delay line. 

4. Conclusions 
 

The buffer demonstrated here uses an SOA gate array switch that has excellent extinction (40 dB), low crosstalk (-

40 dB) and sufficient gain to balance the recirculating losses.   The buffer is randomly accessible in time increments 

of 23 ns and can store packets for up to 184 ns with greater than 98% packet recovery. This approach provides a 

practical solution to meet the predicted memory needs in future optical routers [9]. The buffer presented offers a 

compact solution for optical memory that can be easily integrated with a chip delay. 

 

This work is supported by DARPA and the Army under contract #W911NF-04-9-0001. 
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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

0733-8724/$25.00 © 2008 IEEE
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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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1. Introduction 
The increasing demand for Internet capacity poses significant challenges to commercial electrical router design and 
deployment due to the increased power and space requirements of using pure electronic solutions and the problems 
posed (e.g. the power spreading problem). All-optical packet switching and routing technologies [1,2] hold promise 
to provide more efficient power and footprint scaling with increased router capacity. In this paper we cover the latest 
advances in photonic integrated circuit (PIC) optical packet switching and routing technologies investigated under 
the DARPA/MTO DOD-N program sponsored LASOR project [1]. In the LASOR architecture, 40 Gbps optical 
packets are routed based on the packet’s wavelength and 10 Gbps optical labels. Integration of the switching and 
routing function onto PICs allows for advanced routing functions to be realized in the optical domain while offering 
advantages of integration including reduced footprint and power requirements.  

The key components in the LASOR optical router [1] are a packet switching fabric, an optical buffer, a 
wavelength sensitive routing element, and a data regenerative element. The packet switch converts optical packets to 
new wavelengths based on information stored in a lookup table. The optical buffer is used to mitigate the contention 
between different packets directed to the same switch output port. A wavelength sensitive routing element is used in 
conjuction with an all-optical wavelength converter to forward packets from input buffers to output ports. The 
optical packets are regenerated at the router output (retiming, reshaping and reamplification (3R)). 

In this paper, we report on the latest advances in implementation of the photonic integrated circuits (PICs) 
required for optical routing. These components include high-speed, high-performance integrated tunable wavelength 
converters and packet forwarding chips, integrated optical buffers, and integrated mode-locked lasers. 

  
Figure 1 – (a) 40 Gbps packet forwarding chip (PFC) electron micrograph (b) PFC schematic (c) 40 Gbps separate absorption and 

modulation (SAM) tunable wavelength converter 

2. Widely Tunable Optical Wavelength Converters and Packet Forwarding Chips 
Packet forwarding in an optical router is performed through fast wavelength tuning, wavelength conversion of the 
payload, and encoding of a label for the outgoing packet. At the core of this functionality is a fast switching, widely 
tunable wavelength converter PIC. There are two main mechanisms exploited for monolithically integrated 
wavelength converters – non-linear effects in a semiconductor optical amplifier (SOA) caused by the pump-probe 
signal interaction [3], and traveling wave effects of signal detection and remodulation in a photodiode-modulator 
based system [6].  

Significant advances have been made in SOA-based tunable wavelength converters, utilizing both sampled 
grating DBR lasers [3] and Arrayed Waveguide Grating (AWG) based discretely tunable lasers [4]. Wavelength 



conversion with both device types at bit rates of 40 Gbps RZ has been reported. In addition, a fully integrated packet 
forwarding chip (PFC), operating with 40 Gbps payloads and 10 Gbps labels has been successfully demonstrated 
and used in an optical switch demonstration [1,3]. Finally, multistage tunable wavelength converter MZI-SOA based 
implementations with on chip signal filtering have been demonstrated as well [5].  

 
Figure 2 – (a) PFC - Bit error rate results for 40 Gbps RZ operation (b) SAM - Bit error rate results for 40 Gbps NRZ operation 

Recently, successful demonstration of the separate absorption and modulation (SAM) approach to wavelength 
conversion has been accomplished for bit rates up to 40 Gbps [6]. In this method, a transmitter and receiver are 
monolithically integrated on a single chip. The photodiode is directly connected to the modulator through an on-chip 
terminated traveling wave electrode, allowing the photocurrent from an absorbed input signal to directly drive an 
optical modulator. Since the photodiode produces enough photocurrent to drive the optical modulator there is no 
need for any electrical amplification. Due to the spatial separation of the receiver and transmitter waveguides, SAM 
wavelength converters have no optical filtering requirements. These devices also have the advantage of lower power 
consumption and smaller footprints than comparable SOA-based devices. Operation at 40 Gbps with NRZ data 
shows less than a 2.5 dB power penalty across the 32 nm laser tuning range with no additional power penalty for 
conversion to the input wavelength. Both Mach-Zehnder and EAM based devices are being investigated [6,7]. 

3. Integrated Optical Buffers 
The realization of practical optical memory elements to resolve packet contention is necessary before optical routers 
can become viable. The most successful optical buffering demonstrations have used either feedback or feed-forward 
buffers, many of which implement two-by-two or one-by-two switches [8]. Although practical storage times have 
been demonstrated, there have not been any integrated solutions.  

Recently, a simple recirculating buffer that operates without additional control components in the delay loop was 
presented [9]. This recirculating buffer was based on an InP SOA gate array two-by-two switch and an optical fiber 
delay loop, 450 centimeters, or 23 ns, in length. The buffer exhibited greater than 40 dB extinction, sub-nanosecond 
switching, and fiber-to-fiber gain. Up to 184 ns of storage was demonstrated with greater than 98% packet recovery 
for 40 Gb/s, 40-byte packets, Figure 3. To the authors’ knowledge, this device has the best performance for a buffer 
approach amenable to integration. Further work on all photonic chip based buffers is underway. 

  

    
Figure 3 (top-left) Schematic of 2x2 switch with amplifiers (bottom left) SEM image of the switch affixed and wire-bonded to a submount 

(right) Packet recovery of 98% for up to 8 circulations (184 ns delay). 



4. Monolithic Mode-Locked Laser and Optical Amplifier  
Mode locked lasers (MLLs) are key components for 3R regeneration applications in optical routers. Some qualities 
of MLLs utilized in optical clock recovery are their ability to perform jitter reduction, pulse reshaping, and 
amplification. Since the frequency of mode locking is determined by the cavity length, traditional MLLs with 
cleaved facets are not reproducible at a specific frequency. This, special MLL designs, compatible with further 
integration into complex 3R PICs, are of particular interest.  

Recently, we have experimentally demonstrated optical clock recovery using a novel mode-locked laser (MLL) 
[10, 11] monolithically integrated with an output semiconductor optical amplifier. The laser’s distributed Bragg 
reflector (DBR) mirror positions are determined using lithography, allowing for mode locking and clock recovery at 
the exact frequency of the design (35.00 GHz), which is easily scalable to 40 GHz or higher. The laser design and 
fabrication platform are compatible with other photonic integrated circuit components, enabling integrated signal 
processing using these MLLs in the future.   

   
Figure 4 – (left) Experimental setup for hybrid clock recovery, with eye diagrams of the input and output signals and photograph of the 
device. The recovered clock appears to have high jitter because of poor OSO triggering. The actual jitter is 1.14 ps (middle) SHG trace of 
the output pulses. The solid line is the data and the open circles are a Gaussian fit (right) Bit error rates of the output clock that has been 
gated by the input data and sent to the receiver with a normal input and with input signal degradation 

The device was shown to generate nearly transform limited pulses at 35.0-GHz repetition rate with pulse widths 
tunable between 3.5 and 8.5 ps, over 12 dB extinction ratio (ER), and 8.3 dBm average output power. Both all-
optical [10] and hybrid [11] clock recovery were tested for this device.  Among other regenerative capabilities, the 
device performed optical clock recovery with 50% jitter reduction from a degraded input signal with low ER. By 
combining this type of MLL with a nonlinear optical gate such as a Mach Zehnder SOA structure or SAM device, a 
fully integrated 3R regenerator can be created. 
 
This work is supported by DARPA and the Army under contract #W911NF-04-9-0001. 
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Introduction 

All-optical packet switching and routing technologies [1,2] 
hold promise to provide more efficient power and footprint 
scaling with increased router capacity. In this paper we 
cover the latest advances in photonic integrated circuit (PIC) 
optical packet switching and routing technologies 
investigated under the DARPA/MTO DOD-N program 
sponsored LASOR project [1]. In the LASOR architecture, 
40 Gbps optical packets are routed based on the packet’s 
wavelength and 10 Gbps optical labels. Integration of the 
switching and routing function onto PICs allows for 
advanced routing functions to be realized in the optical 
domain while offering advantages of integration including 
reduced footprint and power requirements.  

The key components in the LASOR optical router [1] are 
a packet switching fabric, an optical buffer, a wavelength 
sensitive routing element, and a data regenerative element.  

 
Figure 1 - LASOR Architecture with PFC, Buffers, 
Routing and 3R elements 

The packet switch converts optical packets to new 
wavelengths based on information stored in a lookup table. 
The optical buffer is used to mitigate the contention between 
different packets directed to the same switch output port. A 
wavelength sensitive routing element is used in conjuction 

with an all-optical wavelength converter to forward packets 
from input buffers to output ports. These components 
include high-speed, high-performance integrated tunable 
wavelength converters and packet forwarding chips, 
integrated optical buffers, and integrated mode-locked 
lasers for 3R regeneration. 

Widely Tunable Optical Wavelength Converters and 
Packet Forwarding Chips 

Packet forwarding in an optical router is performed through 
fast wavelength tuning, wavelength conversion of the 
payload, and encoding of a label for the outgoing packet. A 
SEM of a typical device is shown in Figure 1. At the core of 
this functionality is a fast switching, widely tunable 
wavelength converter PIC. There are two main mechanisms 
exploited for monolithically integrated wavelength 
converters – non-linear effects in a semiconductor optical 
amplifier (SOA) caused by the pump-probe signal interaction 
[3], and traveling wave effects of signal detection and 
re-modulation in a photodiode-modulator based system [6].  

Significant advances have been made in SOA-based 
tunable wavelength converters, utilizing both sampled 
grating DBR lasers [3] and Arrayed Waveguide Grating 
(AWG) based discretely tunable lasers [4]. Wavelength 
conversion with both device types at bit rates of 40 Gbps RZ 
has been reported. In addition, a fully integrated packet 
forwarding chip (PFC), operating with 40 Gbps payloads and 
10 Gbps labels has been successfully demonstrated and 
used in an optical switch demonstration [1,3]. Finally, 
multistage tunable wavelength converter MZI-SOA based 
implementations with on chip signal filtering have been 
demonstrated as well [5].  

 
Figure 1 – (a) Packet Forwarding Chip SEM and device diagram 

Recently, successful demonstration of the separate 
absorption and modulation (SAM) approach to wavelength 
conversion has been accomplished for bit rates up to 40 
Gbps [6]. In this method, a transmitter and receiver are 
monolithically integrated on a single chip.  



              

 

 
 
Figure 2 – (a) SEM of Undercut modulators b) Traveling wave 
electrode modulator used in wavelength converter  
 
Figure 2 shows a SEM of undercut modulators employed in 
the latest generation of SAM devices which reduces the 
capacitance and enable 40G RZ wavelength conversion. 

In a SAM device, the photodiode is directly connected to 
the modulator through an on-chip terminated traveling wave 
electrode, allowing the photocurrent from an absorbed input 
signal to directly drive an optical modulator. Due to the 
spatial separation of the receiver and transmitter 
waveguides, SAM wavelength converters have no optical 
filtering requirements. These devices also have the 
advantage of lower power consumption, and smaller 
footprints, with respect to comparable SOA-based devices. 
Operation at 40 Gbps with NRZ data shows less than a 2.5 
dB power penalty across the 32 nm laser tuning range with 
no additional power penalty for conversion to the input 
wavelength. Both Mach-Zehnder and EAM based devices 
are being investigated [6,7].  

 
Integrated Optical Buffers 

In order to become viable, practical optical memory 
elements must resolve packet contention. The most 
successful optical buffering demonstrations have used 
either feedback or feed-forward buffers, many of which 
implement two-by-two or one-by-two switches [8]. Although 
practical storage times have been demonstrated, integrated 
solutions are not currently available.  

Recently a simple re-circulating buffer was 
demonstrated based on an InP SOA gate array two-by-two 
switch and an optical fiber delay loop, 450 centimeters, or 23 
ns, in length.  

 

 
 Figure 3 (top) Schematic of 3 element recirculating buffer 2x2 
switch with amplifiers (bottom) Packet recovery of 98% for up 
to 8 circulations (184 ns delay). 

The buffer exhibited greater than 40 dB extinction, 
sub-nanosecond switching, and fiber-to-fiber gain. Up to 184 
ns of storage was demonstrated with greater than 98% 
packet recovery for 40 Gb/s, 40-byte packets, as shown in  
Figure 3. 

Monolithic Mode-Locked Laser and Optical Amplifier 
Mode locked lasers (MLLs) are key components for 3R 
regeneration applications in optical routers by providing jitter 
reduction, pulse reshaping, and amplification.   

Recently, we have experimentally demonstrated optical 
clock recovery using a novel mode-locked laser (MLL) [10, 
11] monolithically integrated with an output semiconductor 
optical amplifier.  The laser design and fabrication platform 
are compatible with other photonic integrated circuit 
components, enabling integrated signal processing using 
these MLLs in the future.   

    
Figure 4 – (a) MLL pulseshape and (b) BER 
 
The device was shown to generate nearly transform 

limited pulses at 35.0-GHz repetition rate with pulse widths 
tunable between 3.5 and 8.5 ps, over 12 dB extinction ratio 
(ER), and 8.3 dBm average output power.  
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Abstract— We demonstrate a monolithic transceiver which
integrates pre-amplified QW-pin receiver with a tunable SGDBR
laser and high-impedance EAM. This device performs wavelength
conversion at 40 Gb/s over 22 nm of optical bandwidth.

I. INTRODUCTION

Widely-tunable lasers, like the sampled-grating (SG)DBR,
have recently begun to dominate WDM systems. However,
such systems still suffer from the cost, size, and power
dissipation inherent within OEO approaches, which require
discrete components such as receivers and modulators to be
coupled to these lasers. Continued advancements in high-
functionality photonic integration offer solutions to these
shortfalls, delivering a level of performance that now rivals
state-of-the-art discrete devices. In this work we present a
fully-monolithic transceiver which integrates a high-power
pre-amplified receiver and traveling-wave electroabsorption
modulator with a widely tunable SGDBR laser. This single
chip has been designed to perform wavelength conversion
without any additional electronics at data rates up to 40 Gb/s.

II. DEVICE DESIGN AND FABRICATION

The schematic shown in Fig. 1 depicts the full wavelength
converter device, designed for separate absorption and mod-
ulation (SAM) of optical signals [1], [2]. The receiver side
consists of a two-stage SOA followed by a 35 µm long
quantum well p-i-n (QW-pin) photodiode. The transmitter side
is comprised of an SGDBR laser followed by an SOA and
two parallel electroabsorption modulators (EAMs). One EAM
is photocurrent driven by the QW-pin to perform wavelength
conversion while the other can be electrically modulated
with an external driver. The epitaxial layer structure for this
device utilizes a dual quantum well platform for achieving the
necessary high performance of each of the optical components
[2]. Seven offset quantum wells (OQW) grown above the
waveguide core provide gain for the laser and SOAs as
well as absorption in QW-pin. Ten QWs centered in the
waveguide core (CQW) provide high modulation efficiency
but are detuned from the lasing wavelength in able to maintain
low-loss passive waveguides.

The transmitter and receiver each employ very different
geometries to optimize their individual performance (Fig. 2).

Fig. 1. Schematic of integrated wavelength converter device

Fig. 2. SEM images of (a) the tapered-ridge photodiode and (b) the periodic
TW-EAM electrode. Inset shows the undercut EAM waveguide cross section.

The SOA and QW-pin make use of laterally flared and ta-
pered ridge waveguides, respectively, to improve the saturation
power and linearity of the input optical signal [1]. The 250 µm
long modulator was designed with a high-impedance traveling
wave (TW) configuration to achieve very high bandwidth. The
TW-EAM design incorporates a selective undercut etch [3] to
reduce the core of the waveguide from 3.0 µm to 1.15 µm
wide and is periodically distributed in five 50-µm sections
along a high impedance microstrip line [4]. Together these
two implementations significantly reduce the capacitance per
length and improve velocity matching between the optical and
electrical signals. The EAM transmission line is terminated
with a 25 Ω NiCr resistor and DC blocking capacitor for low
RF loss and simple biasing.

III. CW CHARACTERIZATION

The SGDBR laser achieves continuous tuning over the
range of 1524 to 1564 nm. Figure 3 shows the overlayed
supermode spectra demonstrating greater than 30 dB side
mode suppression across the tuning range. The DC modulator
extinction from 0 V to −5 V has been measured across the
tuning range of the SGDBR (Fig. 4) with maximum slope
efficiency ranging from 13 dB/V up to 19 dB/V. The extinction



Fig. 3. Supermode tuning spectra of the SGDBR laser

Fig. 4. Extinction efficiency of the 250 µm long EAM

variation observed is a consequence of the amount of detuning
between the lasing wavelength and the modulator band edge.
The CW response of the receiver is shown in Figure 5 for
an input wavelength of 1550 nm. For DC biases of 70 mA
and 310 mA on the two SOAs, and −3.0 V on the QW-pin,
the unsaturated gain of the receiver was greater than 20 dB.
Although over 60 mA of photocurrent is possible, the 1-dB
gain compression of the receiver occurs at an input power of
−5.4 dBm, corresponding to 32 mA of linear photocurrent for
driving the EAM.

IV. HIGH SPEED PERFORMANCE

Wavelength conversion at 40 Gb/s has been performed using
231−1 PRBS data generated from an SHF bit error rate tester.
For these experiments, the receiver SOAs were highly pumped
(9.0 kA/cm2) to maximize the saturation power, while the
laser and output SOA were biased low (5.8 and 2.5 kA/cm2)
to limit the EAM photocurrent and reduce thermal crosstalk.
The common-voltage configuration of the EAM and QW-pin
creates a biasing tradeoff between input power and output
wavelength. For each output wavelength, the bias voltage was
chosen to maximize the output extinction while maintaining
sufficient field in the photodiode to prevent bandwidth degra-
dation from space charge effects. Figure 6 shows the clearly
open eye diagrams converted from 1560 nm to 1537, 1548, and
1559 nm for both RZ and NRZ data formats with extinction

Fig. 5. CW response of the optically pre-amplified receiver

Fig. 6. 40 Gb/s RZ and NRZ wavelength converted eye diagrams with output
extinction ratio for corresponding bias voltage

ratios ranging from 7.3 to 11.7 dB. The optical input power
was −6.2 dBm and −5.5 dBm for the RZ and NRZ signals,
respectively. In all cases, the output extinction is significantly
higher for the RZ data format because the lower average power
of the return-to-zero bit stream yields better receiver saturation
characteristics and higher photocurrent swing.

V. CONCLUSION

We have presented a monolithic wavelength converter which
utilizes a tunable SGDBR laser, a pre-amplified QW-pin pho-
todiode, and high-impedance TW-EAM. This devices demon-
strates 40 Gb/s wavelength conversion with greater than 7 dB
output extinction over 22 nm of optical bandwidth.
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Abstract 
We demonstrate monolithic wavelength converters based on a PD-EAM optical gate and tunable SG-DBR laser 
operating at any bit rate up to 40 Gb/s in both NRZ and RZ formats. 

 

Introduction: 

Monolithic wavelength converters (WCs) are 
important devices for future WDM networks as they 
enable dynamic wavelength management and all-
optical signal routing while reducing optical loss, 
power consumption, and packaging complexity.   A 
common implementation of monolithic WC is based 
on non-linear SOAs to achieve cross-gain or cross-
phase modulation between an input data signal and 
CW signal from an on-chip tunable light source.  
However, due to the slow gain recovery time of the 
integrated amplifiers, these devices typically rely on 
delayed interferometry to achieve high data rates 
and are therefore limited to single a bit rate and data 
format [1,2].   

In this work we demonstrate the first broadband, 
widely-tunable monolithic wavelength converter that 
operates at any data rate up to 40 Gb/s in both 
return-to-zero (RZ) and non-return-to-zero (NRZ) 
data formats.  The bit-rate transparency of this 
device, which is based on a separate absorption 
and modulation (SAM) architecture, makes it very 
well suited for future use in highly flexible WDM 
networks. 

Device Design:  
The SAM device is based on an integrated 
transceiver design with separate transmitter and 
receiver waveguides similar to [3].  A photograph of 
the device is shown in Fig. 1.  The transmitter 
consists of a widely tunable sampled grating (SG)-
DBR laser followed by an output SOA and two 
parallel high-impedance traveling-wave electro-
absorption modulators (TW-EAM) [4].  One of the 
EAMs can be electrically driven to function as a 
transmitter while the other is used to perform 
wavelength conversion. The receiver is designed  

 

Figure 1:  Photograph of integrated wavelength 
converter.  The total footprint of the device is 4.0 

mm x 0.45 mm.   

with two SOAs followed by a quantum-well p-i-n 
(QW-pin) photodiode (PD).  A microstrip 
transmission line connects the QW-pin to one of the 
TW-EAM electrodes such that the photocurrent 
generated in the receiver directly modulates the 
output of the SG-DBR laser to produce wavelength 
conversion. This type of traveling-wave optical gate 
enables very high bandwidths, as similar 
configurations have demonstrated switching times 
as fast as 2 ps [5]. The TW-EAM electrode is 
followed by a thin-film resistor (25 Ω) and capacitor 
which serve to terminate the photocurrent signal 
and allow for DC biasing.    

Receiver and Transmitter Measurements:    
The performance of the wavelength converter is 
entirely determined by the efficiency of both the 
receiver and the EAM.  For the receiver, achieving 
high saturation power in both the SOAs and the 
photodiode is important for maintaining high 
extinction ratios and limiting pattern dependence.  
To characterize the receiver linearity we have 
measured the CW response as shown in Figure 2.  
The optical input and output powers were obtained 
by reverse biasing the first SOA to measure the 
input photocurrent and then forward biasing both 
SOAs to measure the photocurrent in the QW-pin.  
For these measurements, the biases were 70 mA, 
310 mA, and -3 V for the 400 µm and 800 µm 
SOAs, and 35 µm photodiode, respectively.  The 
gain of the receiver is greater than 20 dB and it is 
capable of generating up to 30 mA of linear DC 
photocurrent before saturation begins to occur.  

The SG-DBR laser is tunable from 1524 nm to 1564 
nm with fiber-coupled output powers from -2 to 4 
dBm over the wavelength range.  Figure 3 shows 
the DC extinction characteristics of the 250 µm EAM 
over the laser tuning range, demonstrating 20-30 dB 
extinction from 0 to 5 volts.  The observed 
wavelength dependence is typical of QW EAMs, 
which require greater amount of Stark shift as the 
lasing wavelength becomes further detuned from 
the QW band edge. 

 



 

Figure 2: Response of the SOA pre-amplified QW-
pin receiver  

 

Figure 3: Extinction characteristics of the TW-EAM 
over the tuning range of the SG-DBR laser 

Wavelength Conversion:    
To demonstrate the high bandwidth and bit-rate 
transparency of the device, wavelength conversion 
has been performed at various bit rates for both RZ 
and NRZ formats.  Using an SHF bit error rate 
tester, optical PRBS data (231-1) was generated and 
coupled to and from the WC with lensed fibers.  The 
bias conditions for the two receiver SOAs were 110 
mA and 310 mA, and the laser gain section and the 
transmitter SOA, were biased at 95 mA and 30 mA, 
respectively. The SG-DBR mirrors were tuned by 
current injection to the desired output wavelength.  
The bias across the photodiode and EAM was 
adjusted to achieve the maximum amplitude of the 
output signal.  Figure 4(a) shows the wavelength 
converted eye diagrams (1560 nm to 1548 nm) for 
NRZ input data signals at 5, 10, 20 and 40 Gb/s. 
The input power in all cases was -5.5 dBm and the 
output power was -12 dBm accounting for 4 dB fiber 
coupling losses.  With a bias of -3.8 V, the output 
extinction ratio was 8.9, 9.4, 9.5 and 8.1 for the four 
data rates respectively.    

To evaluate the return-to-zero performance, input 
RZ signals were generated at both 20 Gb/s and 40  

 
Figure 4: Wavelength converted (1560 nm to 1548 

nm) eye diagrams in both (a) non-return-to-zero and 
(b) return-to-zero format   

 

Gb/s using a 20 GHz clock signal and LiNbO3 
modulator with a Vπ or 2Vπ drive to carve the NRZ 
data.  Figure 4(b) shows the wavelength converted 
output eye diagrams for both data rates.   The lower 
average power of the RZ data format allows for 
greater signal swing and therefore greater output 
extinction.  For an input power of -6.2 dBm and PD-
EAM bias of -4.5, the output extinction ratios were 
11.5 dB and  10.8 dB for 20 Gb/s and 40 Gb/s.    

Conclusion: 
We have demonstrated a monolithically integrated, 
widely tunable SAM wavelength converter for highly 
flexible WDM applications.  This device 
demonstrates efficient wavelength conversion for 
data rates ranging from 5 Gb/s up to 40 Gb/s in both 
RZ and NRZ data formats with output extinction 
ratios exceeding 8 dB. 

Acknowledgment 
The authors acknowledge the support of DARPA under 
the MTO-LASOR Grant W911NF-04-9-0001. 

References  

[1]  V. Lal et al. Photon. Tech Lett.  vol. 18, no. 4 pp. 
577-59 (2006)  

[2] P. Bernasconi et al. Electron. Lett. Vol. 18, no 4 
pp 701-702 (2005) 

[3] M. Dummer et al. J. Lightwave Tech..  Vol. 26, 
no. 8 pp. 938-944 (2008) 

[4] M. Dummer et al. OFC 2008 OThC6 (2008) 

[5] S. Kodama et al. Electron Lett vol. 40 no. 9 pp 
555-556 (2004) 



 

  
  
  

II..  PPhhoottoonniicc  IICC  TTeecchhnnoollooggyy  
aanndd  DDeevviicceess  

  
  
  
  
  
  
  

CC..  RRFF--PPhhoottoonniiccss,,  FFiilltteerrss  aanndd  AAnnaalloogg  PPIICCss  
  
  
  
  
  
  
  



 

  



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 1, JANUARY 1, 2008 209

Integrated Coherent Receivers for High-Linearity
Microwave Photonic Links

Anand Ramaswamy, Student Member, IEEE, Leif A. Johansson, Member, IEEE, Jonathan Klamkin,
Hsu-Feng Chou, Member, IEEE, Colin Sheldon, Mark J. Rodwell, Fellow, IEEE,

Larry A. Coldren, Fellow, IEEE, Fellow, OSA, and John E. Bowers, Fellow, IEEE, Fellow, OSA

Abstract—In this paper, we present a coherent receiver based
on an optical phase-locked loop (PLL) for linear phase demodu-
lation. The receiver concept is demonstrated at low frequency. For
high-frequency operation, monolithic and hybrid integrated ver-
sions of the receiver have been developed and experimentally veri-
fied in an analog link. The receiver has a bandwidth of 1.45 GHz. At
300 MHz, a spurious free dynamic range (SFDR) of 125 dB Hz2 3

is measured.

Index Terms—Analog links, coherent communication, mi-
crowave photonics, phase-locked loop (PLL), phase modulation.

I. INTRODUCTION

THE transport of analog signals over optical fiber allows for
the placement of signal processing electronics away from

the often exposed location of the antenna unit. The low-loss na-
ture of fiber allows the signal to be transported over long dis-
tances with minimal signal loss. Since the transport is performed
in the optical domain, the link itself is immune to electromag-
netic interference. Original work on radio over fiber was consid-
ered for satellite communication applications [1]. More recent
efforts have primarily focused on wireless mobile communica-
tion systems [2], where the relatively linear response of inex-
pensive directly modulated sources [3], [4] make moderate per-
formance inexpensive links attractive for this application.

For higher dynamic range analog systems that require ex-
treme linearity, radio over fiber does not currently meet the most
stringent performance requirements. Direct modulation of laser
diodes is a linear process, but the need for high speed modu-
lation and very low noise at the signal frequency is difficult to
meet with a single optical source. The two requirements can be
decoupled if an external optical modulator is used. However, for
intensity modulation the modulation depth is limited to 100%
and it is difficult to fit a truly linear transfer function between
zero and full transmission. In contrast, optical phase modula-
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Fig. 1. Schematic outline of receiver architecture.

tion can generate practically unlimited modulation depth. Many
optical phase modulators also rely on the linear electrooptic ef-
fect, e.g., LiNbO modulators. Unfortunately, there is currently
a lack of techniques for linear phase demodulation. A standard
optical mixing based phase detector has a sinusoidal response
which then limits the link performance [5].

In this paper, we describe a technique for linear optical
phase demodulation using an optical phase locked loop [6].
The paper is organized as follows. In Section II the operating
principle of the phase detector is outlined and a basic analytical
model is developed to reveal the limits of performance of the
phase detector. The next section summarizes a proof-of-prin-
ciple system demonstration built using discrete components
at low frequency. Section IV introduces the development of
a high-speed integrated optical phase receiver. The following
section describes the performance of the subcomponents of the
receiver, before the link results using the integrated receiver are
shown in Sections VII and VIII.

II. THEORY

The base function of the proposed receiver is shown in the
diagram of Fig. 1. The receiver is built around a standard optical
mixing based phase detector with a differential output signal
current given by

(1)

Where and are signal and LO optical power, and
are optical phase and is the responsitivity of the de-

tector. This signal is then amplified to form a driving voltage
to a tracking optical phase modulator

(2)

where are detector and modulator impedances and
is the amplifier transimpedance. Finally, the feedback phase is
given by

(3)

0733-8724/$25.00 © 2008 IEEE
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Fig. 2. Simulated close loop response of receiver.

where is the half wave voltage of the reference modulator.
For a linear phase modulator and for close phase tracking, i.e.,
when the feedback gain is large and , the reference
modulator drive signal, will be linearly related to the input
phase and forms the linear output signal from the receiver.

The receiver forms a classic feedback system where the
Laplace transform can be applied. The sine component in (3)
can be linearized and the LO phase is given by

(4)

where if is the Laplace variable, is the open-loop
gain and is the delay of the feedback path, now appearing in
an exponential term. The delay will add a phase lag at higher
frequencies and to prevent oscillation in the feedback loop, the
feedback gain must be below unity at the frequency where the
phase crosses . This forms the basic bandwidth limita-
tion in the loop such that to generate a fast feedback loop at
microwave frequencies, picosecond feedback delay is required.

The closed-loop response given by can
be calculated from the open-loop transfer function. The overall
optical link response using the closed-loop receiver can now be
calculated. Fig. 2 shows an example of such a calculation where
an effort has been made to use measured data from Section VI
to derive the component performance parameters that contribute
to the open-loop transfer function.

This feedback loop differs from a typical optical phase-lock
loop in that an optical modulator is used instead of a current
controlled oscillator (CCO) in the form of a frequency tuned
laser [7]. Here, the phase tracking range is limited by the avail-
able phase swing across the reference modulator. This limita-
tion can be overcome by implementing an additional, slow loop
to extend the tracking range, and/or having an LO input that is
coherent in phase with the unmodulated signal input. The lack
of a CCO removes an integration in the loop that needs to be
compensated for. This can be implemented by tailoring the fre-
quency dependence of the transimpedance amplifier to provide

the right feedback response. A better solution is to rely on the
detector and modulator impedances. By taking advantage of the
detector and modulator capacitances, two integrations are au-
tomatically formed and the feedback amplifier now only needs
to incorporate a lag-compensation network for stability in order
to form a second-order phase-locked loop. This leads to greatly
improved efficiency, in that no matching resistors need to be
used to generate a flat detector and modulator frequency re-
sponse. In fact, for sufficiently high photocurrent values, it be-
comes possible to not use any transimpedance amplification in
the feedback path but to instead rely on a direct interconnect be-
tween modulator and detector to realize a first-order loop with
a single pole formed by the detector in parallel with the modu-
lator impedance.

III. PROOF OF CONCEPT DEMONSTRATION

In order to explore the feasibility of the proposed receiver and
demonstrate that closure of the feedback path results in a signif-
icant enhancement of linearity without any penalty in SNR, a
proof of principle experimental setup was built [8]–[10]. The
operating frequency is limited to the 100 KHz range due to the
relatively large loop delays introduced by the fiber patch cords
of the discrete components used in the receiver.

The experimental arrangement for this approach is outlined in
Fig. 3. The output from a continuous-wave (CW) optical source
is split into a signal path and a reference path using a polar-
izing beam splitter (PBS) and polarization maintaining fiber. A
two-tone RF probe signal (140 KHz and 160 KHz) is applied
separately to the LiNbO phase modulators at the transmitter.
In the receiver, the signals from the two paths are mixed and
photodetected. The optical mixer is composed of a single-po-
larization optical coupler and a balanced photodetector. PM4 is
the local phase modulator that provides feedback. The load of
the balanced photodetector is 100 pf in parallel with the parallel
combination of 2.96 k and 20 k . PM3 is driven by a slow
feedback circuit that tracks large but slow variations in phase
caused by the environment around the setup and uses it to main-
tain the bias of the demodulator at quadrature. A first-order RC
filter is added to the output stage to suppress any noise generated
by the stabilization electronics from entering the signal loop.
A more detailed description of the experiment can be found in
[11].

When the photocurrent from the balanced photodetector is
large enough, say a few mA, several volts of voltage swing can
be obtained with a high impedance load. This is sufficient to
drive the LiNbO reference modulators on the LO branch and
consequently eliminates the need for electrical loop amplifiers,
forming an “all-optical” loop as described in the previous sec-
tion. The frequency dependence of the load now determines the
loop filter function. It is worth noting that the balanced modu-
lator configuration described in Section V and implemented in
the integrated version of the receiver is not realized in the dis-
crete setup.

Fig. 4 plots the power of the detected fundamental and inter-
modulation terms as a function of the input link power. The sta-
bilization loop remains closed for both open and closed loop op-
eration. A SFDR of 104.5 dB Hz is obtained for open loop
operation.
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Fig. 3. Experimental setup of the all photonic version of the proposed coherent receiver. ESA: Electrical Spectrum Analyzer; PD: photodetector.

Fig. 4. SFDR measurement at 3.13 mA of average photocurrent per detector.
Gray: open loop; Black: closed loop. IMD: third-order intermodulation
distortion.

When the loop is closed a number of effects are observed.
First, there is a significant decrease in the detected power on ac-
count of the reduced net phase swing across the demodulator.
However, as predicted, this is not accompanied by any degra-
dation in SNR as the noise floor too is suppressed by the same
factor. The second effect is a drastic reduction of the intermod-
ulation terms that appear at 120 and 180 KHz. This translates
into an improvement in SFDR by about 20 to 124.3 dB Hz .
The calculation of shot noise power when the loop is closed is
complicated by the feedback effect. Essentially, the shot noise

current manifests itself as phase shot noise at the reference mod-
ulator. This in turn appears as voltage shot noise at the ouput of
the balanced PD. With the buffer switch in position B (Fig. 3)
the shot noise power is measured on a Electrical Spectrum An-
alyzer (ESA) that has a 50- termination. It is observed that
the measured noise levels are approximately 10 dB higher than
the theoretical shot noise limit. As a consequence of operating
at low frequencies, the difference can be attributed to the
noise contributions from the optical source. The proof of con-
cept demonstrations of the optoelectronic and all photonic feed-
back receivers is the first step towards realizing a receiver that
has an operating bandwidth in the gigahertz range. Such a re-
ceiver requires low feedback delay ( ps) and consequently,
hybrid or monolithic integration of electronics and photonics is
necessary [12].

IV. INTEGRATED RECEIVER DEVELOPMENT

To reach microwave frequencies the latency in the loop needs
to be small. In the proof-of-principle demonstration above using
fiber optics, component length of several meters produced a loop
operating frequency of 100 kHz. Using two orders of mag-
nitude more compact LiNbO waveguiding would produce a
low operating frequency on the order of 10 MHz. To reach mi-
crowave frequencies of around 1 GHz, a waveguiding platform
four orders of magnitude more compact than fiber optics must be
used with component lengths in the 100s of microns region. This
is being satisfied using an InP photonic integration platform.

Fig. 5 shows an SEM and block diagram of the low latency
feedback receiver comprising of a photonic integrated circuit
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Fig. 5. SEM and block diagram of Integrated Optoelectronic Receiver: Wire
bonds in upper part connect to Integrated Electronic IC (not shown).

and an electronic integrated circuit. The InP based photonic
IC consists of a balanced UTC photodetector pair [13], a
2 2 waveguide multimode interference (MMI) coupler and
tracking phase modulators in a balanced configuration. In
quadrature, this type of balanced receiver discriminates against
common-mode and second-order nonlinearities. The tracking
optical phase modulators are driven differentially so as to
add opposite-sign phase shifts to the incoming signal and LO
resulting in a cancellation of even-order nonlinearities and
common-mode noise. Additionally, driving the modulators in
a differential fashion doubles the drive voltage presented to
the modulator thereby doubling the available phase swing. The
capacitances of the photodiodes and modulators are exploited
as circuit elements rather than being parasitics that need to be
eliminated. These now perform the desired loop integrations
and can therefore be much larger. The electronic chip that in-
terfaces with the PIC is primarily a transconductance amplifier
that converts the voltage generated by photodiode integration
into a modulator drive current. The modulator integrates this
current to produce the required phase shift. The electronic IC
also has a pair of buffer amplifier capable of driving 50 ohms.
The electronic chip finally contains a lag compensation circuit
to improve the phase margin and provide stability to the system.

Because the detector and modulator capacitances are imple-
mented as lumped elements and best operate as ideal current
mode integrators, a high-gain version of the receiver that re-
quires no electronics in the feedback path is feasible. The de-
tector photocurrent drives the sum of the photodiode and mod-
ulator capacitance, generating a voltage that is proportional to
the photocurrent. As the received photocurrent increases, lower
gain is required from the electronic amplifiers in the phased
locked loop. Subsequently, for sufficiently high photocurrents
the modulator impedance can be tailored to provide adequate
filtering and stable phase feedback so that it can be driven di-
rectly by the detector photocurrent, similar to the proof-of con-
cept demonstration in Section III. An SEM and block diagram

Fig. 6. SEM and block diagram of Integrated All-Photonic receiver.

Fig. 7. IMD3 measurements for a 10 �m � 150 �m UTC-PD. At 20 mA the
bias voltage is �8 V and at 40 mA the bias voltage is �5:8 V.

of this all photonic receiver is shown in Fig. 6. Note that an elec-
tronic chip is still required to provide a buffered output.

The practical challenge in taking full advantage of the lin-
earity of a phase modulated link stems from stringent perfor-
mance requirements on the detectors and modulators.

V. MODULATOR AND DETECTOR PERFORMANCE

In the low frequency, all photonic demonstrator, the SFDR
obtained was limited by the maximum amount of photocurrent
(3.13 mA per detector) and linear voltage swing that could be
detected without degradation in linearity. It is predicted that if
this number can be increased to 100 mA then 138–148 dB
Hz of SFDR can be realized. However, this means that highly
linear photodiodes must be used with output IP3 performance
on the order of 50 dBm at this photocurrent. Fig. 7 shows the
OIP3 of the UTC photodiode used in the receiver. A 10 m
150 m UTC-PD has a saturation current greater than 40 mA
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Fig. 8. Schematic of Experimental setup for Link Experiment.

and OIP3 values of 43 and 34 dBm at photocurrent levels of 20
and 40 mA, respectively [14].

A second critical performance requirement is the linearity of
the phase modulators. While closed-loop operation suppresses
nonlinearities from the optical interferometer as well as the am-
plifier, any nonlinear response of the phase modulator will re-
main. Since the feedback loop will force the reference phase to
closely track the signal phase, a nonlinear phase modulator will
consequently be modulated by a nonlinear drive signal. Using
linear LiNbO phase modulators, this is not a limiting problem.
However, Stark effect InP phase modulators predominantly rely
on the more efficient quadratic electrooptic effect. The high effi-
ciency leads to very short modulator structures and low latency,
but the linearity of a single modulator will limit the available
receiver performance.

An improved modulator configuration is obtained by placing
two phase modulators, one in the signal arm and one in the LO
arm, in a push-pull configuration. These are now driven in an-
tiphase. The compound response is now given by

(5)

Where and are the modulation phase and drive voltage,
respectively, and is the Taylor expansion coefficient around
the modulator bias point. It is seen that the quadratic term along
with any higher even-order terms are cancelled using this con-
figuration. A second beneficial effect is that the amplitude mod-
ulation from the phase modulators is to a first-order approxima-
tion cancelled [15].

VI. ANALOG LINK EXPERIMENT

The performance of both receivers was evaluated by placing
them in an experimental test bed that simulates an analog link
[14]. The setup, shown in Fig. 8, is similar to the configuration
described earlier for the low-frequency demonstration. How-
ever, a few modifications have to be made in order for the system

to handle the high optical powers (20–28 dBm) used in the link
experiment. For instance, a 100-GHz DWDM drop filter rated
to 5 W is used instead of an optical bandpass filter. Additionally,
a 50/50 polarization maintaining (PM) coupler replaces the po-
larizing beam splitter (PBS).

At the transmitter, a two tone drive signal is applied separately
to LiNbO Phase modulators that have V ’s of 4.4 and 5.5 V
respectively. This ensures the spectral purity of the drive signals
as the closely spaced RF tones ( MHz) are combined in
the optical domain.

At the output of the receivers the differential signal is tapped
into a slow feedback loop which generates a low-frequency
drive signal to one of the phase modulators. This stabilizes the
system against environmental drifts and maintains the bias of
the phase demodulator at quadrature. Ideally, the stabilization
circuit should be located in the receiver module. However, for
experimental convenience it is driving the phase modulator at
the transmitter.

The box labeled ‘Integrated O/E receiver’ shows a schematic
of the photonic integrated circuit coupled with the tran-
simpedance amplifier and buffer of the electronic integrated
circuit used in the optoelectronic (O/E) version of the receiver.
The differential output from the amplifier drives the reference
modulators on the PIC. The RF outputs sensed from the buffer
constitute the receiver’s output. They are 180 out of phase and
are combined differentially.

VII. FREQUENCY RESPONSE

A. Optoelectronic Receiver

The effect of the feedback architecture is to suppress the net
phase swing across the detector by a factor of where

is the Loop Transmission Gain. Fig. 9 plots the closed loop
frequency response of the receiver at different levels of detected
photocurrent.

From theory we know that when the loop is locked and the
reference modulator is closely tracking the incoming phase, the
link gain is determined by the ratio of the drive signals to the
source and reference modulator. This can be observed at low
frequencies for a wide range of photocurrents. As the frequency
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Fig. 9. Link gain of optoelectronic receiver at varying photocurrent levels.

increases, the feedback gain decreases and only at high pho-
tocurrent levels is the gain sufficient for phase tracking. Beyond
a point, the loop transmission gain is too low for any tracking
and consequently, the optical link gain becomes proportional to
the photocurrent and loop filter transfer function. The loop band-
width, here defined as the 3 dB frequency of the closed-loop link
response, reaches 1.45 GHz at 12 mA of photocurrent. The delay
limited bandwidth, within which the loop remains stable is ap-
proximately 4 GHz. Additionally, we note a peaking in the link
gain for high photocurrent values at frequencies close to a GHz.
This can be explained by the denominator in the closed-loop
gain, . A second-order feedback loop contains two in-
tegrations with a feedback phase. To provide stability
at unity gain, the transimpedance amplifier contains a lag-com-
pensating network to push the phase well above at unity
gain. This has been designed for delay-limited feedback gain
and does therefore not provide optimum lag-compensation at
around 1 GHz.

B. All Photonic Receiver

The operation of the all photonic receiver differs from the op-
toelectronic receiver in that the efficiency of the modulators is
sufficiently high for them to be driven by the absorbed RF pho-
tocurrent alone. The modulators are operated under forward bias
and have an I of approximately 10 mA below 100 MHz. Fig. 10
shows the measured link response using this receiver. In the op-
toelectronic receiver when the incoming phase is being tracked
closely by the reference modulator, the response is flat and de-
termined by the drive voltage ratio to the source and reference
modulator. In the all photonic receiver the response when the
loop is closed varies with frequency. This is observed in the
plot in Fig. 10 and can be attributed to the frequency depen-
dence of the I of the modulator. The link gain is still related to
the ratio of V between source and reference modulator. For a
forward biased modulator, the diode impedance is typically very
low (10–15 ) and requires a very small drive voltage, overall

Fig. 10. Link gain of all-photonic receiver at varying photocurrent levels.

Fig. 11. SFDR of optoelectronic receiver at 300 MHz, 500 MHz and 1 GHz.
Photocurrent set at 12 mA per detector.

resulting in a much lower link gain than when a reverse biased
reference modulator is used.

VIII. SFDR MEASUREMENT

Using the Link Setup of Fig. 8, a two tone SFDR measure-
ment is made on the optoelectronic receiver at three different
frequencies with the same photocurrent (12 mA) in each de-
tector. The results of this measurement are shown in Fig. 11. In
Section VI we observed that the loop gain is higher at lower fre-
quencies. Hence, the reference modulator can better track the in-
coming signal phase and consequently the SFDR is much higher
at 300 MHz (125 dB Hz ) than at 500 MHz or 1 GHz. As the
loop gain decreases there is a diminishing reduction in the net
received phase and at 1 GHz the reduction is negligible. Thus,
the SFDR measured (113 dB Hz ) corresponds closely to the
open loop SFDR at that frequency. The noise floor shown is the
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Fig. 12. SFDR of all photonic receiver at 500 MHz and 15 mA of photocurrent
per detector.

calculated shot noise level. In practice, the noise floor is deter-
mined by the ASE of the high-power EDFA (30 dB gain, 5.5 dB
NF) that was used to provide the required optical power. It is es-
timated that if a low-noise, high power laser is used, shot-noise
limited operation should be available at this photocurrent level.

Fig. 12 shows a similar SFDR measurement made at
500 MHz on the all photonic receiver. The SFDR is consid-
erably lower (110 dB Hz ) when compared to the SFDR
at 500 MHz (121 dB Hz ) for the optoelectronic receiver.
Shot-noise limited performance is also not available for this
receiver configuration. Since the on chip reference modulators
are forward biased their drive voltage is low and consequently,
the buffer amplifer noise is higher than the drive signal to the
modulator needed to suppress the shot noise of the receiver.
In the receiver, thermal noise dominates over the shot noise at
the received photocurrent (15 mA). An effort is being made to
realize lower loss and hence, higher receiver photocurrent and
loop gain for both the optoelectronic and all-photonic receiver
architectures.

IX. CONCLUSION

In this paper, we have described and experimentally demon-
strated a coherent integrated receiver that is based on a broad-
band optical phased locked loop. The delayed limited bandwidth
of the loop is 4 GHz. In order to port the link to a much higher
carrier frequency, we are exploring the idea of optical sam-
pling [17]–[21]. Additionally, the PLL bandwidth of 1.45 GHz
demonstrated here would be sufficiently large to track the phase
noise of standard semiconductor lasers with low phase error.
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1.  INTRODUCTION 

As the Photonic Integrated Circuits (PICs) become more complex, a demand for smaller and more efficient optical 
devices increases. This is particularly true for integrated-optic beam splitters, which play an important role in 
reducing the size of our Coherent Optical Integrated Receiver (CHOIR) PIC [1], [2]. Here, a very compact size of 
the beam splitter is essential not only for reducing the physical dimension of the PIC, but also for enabling the 
stability of the PIC at higher frequencies via decreasing the delay in the optical feedback circuit [1]. The recently 
proposed grating-based beam splitter [2] has been demonstrated to have a superior ultra-short splitting length of only 
10 μm. Although the grating-based beam splitter is considerably smaller than its conventional counterparts, it 
requires a comparable fabrication complexity. Also, it can achieve high throughput, while many other advanced 
technologies such as photonic crystal [3] and air trenches [4] cannot.  

This work provides insights into the design and fabrication issues relating to the ultra-compact grating-based 
beam splitter. It reveals the necessary approach to be taken in optimizing the beam splitter for more efficient CHOIR 
PICs in terms of reflectivity, loss, and interference extinction ratio. To the best of our knowledge, this is the first 
work to demonstrate that both low insertion loss and high interference extinction ratio are achievable using a 
grating-based beam splitter. 
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FIGURE 1.  (a)  Schematic diagram of grating-based beam splitter, integrated with two modulators and two photodetectors. Waveguide 
boundary is far away from the diverged beams in the quasi-free space region. Green and red colors represent input signals from the two 
modulators. (b) Fabricated grating-based beam splitter, including the modulators and photodetectors, shown to scale. 

2. DESIGN  AND FABRICATION 

The design goal at hand is to realize an integrated beam splitter which has an equal splitting ratio, low insertion loss, 
short propagation length, as well as a high degree of interference between the output beams of two integrated 
multiple-quantum-well (MQW) phase modulators that are used in our CHOIR PICs, as shown in Fig. 1(a). Fig. 1(a) 
also shows the two integrated photodetectors used in the PIC, which are also used to obtain the measurements 
presented below. The simulations are based on 2-D, quasi-free space, two-wave interference method, as explained in 
[2]. One of the major issues with oblique incidence into a grating that is thick compared to the beam width is 
unequal mode distortion for the diffracted and undiffracted beams. This distortion comes from the continuous 
energy exchange in gratings [5]. In order to minimize degradation of interference due to this effect, two novel design 
techniques are used in this work: 1) the angle of incidence is made to be 10 degrees to the normal incidence, and 2) 
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the gratings are etched deep through the slab waveguide layer, which allows the grating region to be ultra short. 
Consequently, severe mode distortions can be avoided. In addition, the quasi-free space region shown in Fig. 1(a) is 
designed to provide for rapid beam divergence and, thus, for large beam-width-to-grating-length ratio.  

The grating-based beam splitters are implemented on an InGaAsP/InP integration platform as illustrated in 
Figure 1 (b). The gratings are patterned on a SiO2 hard mask using holographic exposure and then transferred by 
methane/hydrogen/argon (MHA)-based reactive ion etching (RIE) with oxygen addition [6]. Due to the non-
uniformity of the photoresist at the edge of the grating burst, the actual grating lengths are 5 μm shorter than 
expected. The largest index contrast in the grating is achieved when the slab waveguide layer is completely etched 
through. As shown in [2], the etch of the deep grating grooves is followed by a regrowth of an InP cladding layer 
without apparent air voids, which suggests low void-stimulated scattering losses in our devices. An array of PICs 
containing grating-based beam splitters of various lengths and detectors of various widths has been fabricated and 
measured in this study, as explained below. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the reflectivity spectra, plotted versus wavelength detuning from the Bragg wavelength, for the beam 
splitter having three different grating lengths (Lg) of 5 μm, 10 μm, and 15 μm and integrated with three different 
detectors having widths of 7 μm (S), 12 μm (M), and 23 μm (L). The middle grating length (Lg=10 μm) is designed to 
match the width of the optical beam incident on it, and the middle detector width (12 μm) is designed to match the 
width of its incident beam incident on it. The three detectors have the same length of 100 μm, which is long enough 
to absorb most of the light. 

Reflection: In the cases when Lg = 5 μm and Lg = 10 μm, the peak reflectivities for all three detector widths are 
typical of those for thin gratings and small incident angles. As the grating length gets larger than the interacting 
beam width, as is the case for Lg = 15 μm, the mode profiles of the reflected and transmitted waves experience 
unequal distortions [5], which also explains the difference in the data for the three detectors. The same data can be 
fitted to the well known tanh-relation [7] between reflectivity and κ*Lg, with some reasonable assumptions, as 
shown in Fig. 3 (a). We assume that the κ value is 85% of the ideal case where a rectangular grating profile and a 
completely-etched-through slab waveguide are used. In our devices, because of the practical fabrication issues, we 
observe a certain degree of inevitable round up in the grating profile that results from the regrowth step, as shown in 
[2], and we also observe that the slab waveguide layers are not completely etched through. In addition, the 
reflectivity is assumed to saturate at 72%, as the overlap between the grating thickness and the mode profile in the 
transverse plane is not unity and some parts of the incident wave are transmitted through the deep grating region 
without experiencing any interference [8].  

Loss: The insertion loss data shown in Fig. 3 (b) provides information about: 1) propagation losses between the 
modulators and detectors, 2) scattering losses of the gratings, and 3) detector coupling losses, which are due to 
mismatches between the mode shapes and detector input areas. The propagation loss should be identical in all the 
cases studied since the waveguide geometry is kept the same. The coupling loss for the detector L can be assumed to 
be independent of the mode profile, since most of the incident light can be collected. Consequently, the insertion 
loss data obtained for the widest detector in Fig. 3(b) indicate that there is a small dependence of the scattering loss 
on the grating length. For the detector M, most of the incident light is still collected for all gratings lengths, except 
for some marginal loss due to the mode distortion in longer gratings. The material propagation loss can be estimated 

 

-40 -20 0 20 400

0.2

0.4

0.6

0.8

1
Det S - 7 x 100 um

δ λ from λBragg (nm)

R
ef

le
ct

iv
ity

Lgeff = 15um

Lgeff = 10um

Lgeff = 5um

(a) (b) (c) 
-40 -20 0 20 400

0.2

0.4

0.6

0.8

1
Det M - 12 x 100 um

δ λ from λBragg (nm)

R
ef

le
ct

iv
ity

Lgeff = 15um

Lgeff = 10um

Lgeff = 5um

-40 -20 0 20 400

0.2

0.4

0.6

0.8

1
Det L - 23 x 100 um

δ λ from λBragg (nm)

R
ef

le
ct

iv
ity

Lgeff = 15um

Lgeff = 10um

Lgeff = 5um

FIGURE 2.  Reflectivity data with different grating lengths and detector widths. (a) Detector S width = 7 μm (b) Detector M width = 12 μm (c) 
Detector L width = 23 μm. 
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FIGURE 3.  Bragg condition data. (a) Peak reflectivity. Circles are data from Figure 2 with different grating lengths and detector widths. Solid 
line represents the reflectivity tanh relation [7]. (b) Insertion loss for different detector widths: Detector S (7 μm), Detector M (12 μm), and 
Detector L (23 μm). 

to be 0.5 dB.If we also take waveguide scattering losses into account, the grating scattering loss alone can be 
estimated to be less than 1.5 dB. For the detector S, excess coupling losses of about 3 to 4 dB for different grating 
lengths are measured, as expected, because only a portion of the incident light is captured due to the small detector 
width. 

Extinction Ratio: The interference behavior of the two beams coming from the two nominally identical MQW 
phase modulators is characterized by the extinction ratio between their constructive and destructive interferences. 
The extinction ratios are obtained by measuring the photocurrents of the detectors at their optimal operation points. 
The highest measured extinction ratios for the detector L, M and S are 6.5 dB, 13.5 dB and over 16 dB, respectively. 
Because the grating distorts the reflected and transmitted modes differently, the narrowest detector has the best 
extinction ratio as it mostly captures the parts of the modes that interfere most effectively. Therefore, with a proper 
choice of the detector width, both low insertion loss and high extinction ratio in our PICs can be achieved with 
deeply etched grating-based beam splitters. For example, for the 10-μm long grating and 12-μm wide photodetector, 
both 50% reflectivity (see Fig. 3(a)) and 2 dB insertion loss (see Fig. 3(b)) can be achieved for an extinction ratio as 
large as 13.5 dB. 

4. CONCLUSION 

In this paper, we have presented a comprehensive study of the ultra-compact grating-based beam splitter, where we 
were able to experimentally confirm our theoretical predictions. We have demonstrated beam splitters having 50% 
reflectivity and insertion loss as low as 2 dB. These ultra-short devices are only 10 μm long, and are invaluable for 
applications such as our CHOIR PICs, where they provide loop stability for high-frequencies, which cannot be 
easily achieved with competing technologies, in addition to larger than 13.5 dB extinction ratio. Moreover, the work 
provides design guidelines for future integrated grating-based beam splitters. 
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Abstract—Waveguide unitraveling-carrier photodiodes
(UTC-PDs) with different absorber and collector layer doping
levels have been fabricated and characterized. These photodiode
(PD) structures are fabricated on a platform that allows for
the monolithic integration of multiquantum-well optical phase
modulators and couplers for realizing novel coherent receivers.
Compared to PD A, PD B has a lower and more graded p-doping
profile in the absorber layer and also a higher n-doping level in the
collector layer. For PD B a larger field is induced in the absorber
layer at high photocurrent levels. Also the higher n-doping in the
collector layer is adequate for providing charge compensation.
For PD B, there is an enhancement in the RF response as the
photocurrent level is increased. At a frequency of 1 GHz, the
saturation current for PD A is around 65 mA and that for PD B is
around 63 mA. For PD B, the third-order output intercept point
at photocurrent levels of 30 and 40 mA is 37.2 and 34.9 dBm, re-
spectively. That for PD A is 35.8 and 30.4 dBm. PD B is, therefore,
favorable for linear operation at high current levels.

Index Terms—Coherent receiver, fiber-optic link, linearity, sat-
uration current, third-order intermodulation distortion (IMD3),
third-order output intercept point (OIP3), unitraveling-carrier
photodiode (UTC-PD).

I. INTRODUCTION

COHERENT fiber-optic links that utilize phase modulation
can demonstrate high spur-free dynamic range and high

signal-to-noise ratio. The challenge with phase modulation is
building a coherent receiver that can linearly demodulate the
phase of the received signal. To overcome this, we have demon-
strated a novel coherent receiver architecture employing feed-
back for closely tracking the phase of the received signal [1],
[2]. The incoming signal is mixed with a local oscillator signal
and the detected photocurrent representing the phase difference
is then fed back to a reference phase modulator. For high loop
gain the signal phase is tracked closely. With a monolithically
integrated approach, the delay of the feedback can be kept short
enough for operation in the gigahertz (GHz) frequency range.

A very important requirement of this coherent receiver is the
realization of photodiodes (PDs) that demonstrate both high
output saturation current and high linearity at GHz frequen-
cies and can be monolithically integrated with optical phase
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modulators and couplers. The unitraveling-carrier photodiode
(UTC-PD) is designed for high speed and high current operation
[3]. We have previously demonstrated a monolithic balanced
UTC-PD with a tunable multimode interference coupler on a
platform that allows for the integration of MQW phase modula-
tors [4]. In a UTC-PD light is absorbed in an undepleted p-type
narrow bandgap layer, referred to as the absorber, and photo-
generated electrons subsequently diffuse to a wide bandgap drift
layer, referred to as the collector. Electrons are the only active
carriers and electrons have a higher drift velocity than holes,
therefore space charge saturation effects are reduced when com-
pared to a p-i-n PD.

Several techniques for improving the performance of
UTC-PDs have been demonstrated. Charge compensation
was used to improve the saturation current by intentionally
n-doping the collector layer [5]. By doing so, the electric field
is preconditioned to be higher in the presence of a large mobile
space charge density. Others have reported an enhancement in
the response of UTC-PDs that have a graded doping profile
in the p-type absorber [6]. This grade results in a potential
profile that can aid electron transport. This same effect was
also observed for UTC-PDs with uniform but relatively lower
absorber doping [7].

We previously reported waveguide UTC-PDs that demon-
strated output saturation currents greater than 40 mA at 1 GHz
and a third-order output intercept point (OIP3) of 43 dBm at
20 mA and 34 dBm at 40 mA [8]. We observed a significant
improvement in the saturation characteristics for devices that
had a wider input waveguide. Here we have closely investi-
gated the effects of the doping profile in several layers of the
UTC-PD structure on the output response, saturation current,
and third-order intermodulation distortion (IMD3). In partic-
ular, two different waveguide UTC-PDs were fabricated and
characterized. The most significant differences in these devices
are the doping profiles in the absorber and collector layers. The
devices are referred to as PD A and PD B. In PD A, the p-doping
in the absorber layer is not only higher, but also more uniform.
The n-doping in the collector layer of PD A is 7E15 cm
whereas that for PD B is 6E16 cm . For PD B an enhance-
ment in the output response is observed at high current. This
is believed to be due to the combination of the lower and more
graded absorber doping profile as well as the higher collector
doping level. The lower and more graded doping level in the ab-
sorber results in a small field induced at high current levels, and
the higher collector doping level provides charge compensation.
Both PDs exhibit saturation current levels that, to the best of our
knowledge, are some of the highest reported for waveguide PDs

0018-9197/$25.00 © 2008 IEEE
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TABLE I
UTC-PD LAYER STRUCTURE

at comparable frequencies. For PD B, the OIP3 increases with
photocurrent more so than for PD A. PD B exhibits higher lin-
earity at high photocurrent levels.

II. DEVICE DESIGN AND FABRICATION

The epitaxial structures are grown by metalorganic chemical
vapor deposition (MOCVD) on semi-insulating InP substrates.
The PD structures are grown directly above an InGaAsP op-
tical waveguide. Passive regions are formed by selectively re-
moving the PD layers using wet chemical etching. This step
is followed by a blanket p-InP cladding and p-InGaAs contact
layer regrowth. Surface ridges are formed, and metal contacts
are deposited and annealed. Benzocyclobutene dielectric is used
to reduce parasitic capacitance. The layer structure in a pho-
todetection region following regrowth is shown in Table I. The
p-doping level in the absorber and the n-doping level in the col-
lector are denoted p and n, respectively. The doping levels for
those layers, which are unintentionally doped are denoted UID.
The n-InP field termination layer terminates the applied field
across the collector layer of the PD in the photodetection re-
gions and prevents depletion of the optical waveguide below.
A cross section SEM image of a fabricated device is shown in
Fig. 1. Light is coupled from a lensed fiber into the optical wave-
guide in a passive region and then absorbed as it propagates in a
photodetection region. Because of the spatial separation of the
absorber layer in the UTC-PD structure and the peak of the in-
coming optical mode, carrier generation is distributed more uni-
formly along the length of the device. This as well as a wide
input waveguide help to reduce front-end saturation.

Of particular interest in understanding the device perfor-
mance are the doping profiles in the absorber and collector
layers. Zn is used for p-doping and Si is used for n-doping.
The Zn and Si concentration in the structures were measured
by secondary ion mass spectroscopy. The doping profiles are
shown in Fig. 2. The absorber p-doping level was intended to
be greater than 2E18 cm . Because of the high diffusivity of
Zn at growth temperatures, the grading in the doping profile
can vary. For PD B, the peak Zn concentration in the absorber
is 25% lower than that for PD A and the profile is more graded
(high to low) toward the absorber/collector interface. These
characteristics should result in a higher induced electric field in
the absorber region of PD B and therefore a larger enhancement

Fig. 1. Cross section SEM image of PD structure.

in the output response. The Si concentration in the collector of
PD A is 7E15 cm and that for PD B is 6E16 cm , nearly an
order of magnitude higher. The latter is adequate for providing
charge compensation. Devices were fabricated with various
geometries. The results that follow are for devices that are
10 m wide and 150 m long.

III. RESULTS AND DISCUSSION

The electrical frequency responses of the UTC-PDs were
measured at various biases for photocurrent levels up to around
70 mA. Fig. 3 shows the RF power as a function of dc pho-
tocurrent at 1 GHz for both devices. The data is normalized to
0 dB. For these measurements the modulation depth was 50%.
The saturation characteristics of PD B vary with bias more so
than those of PD A. The saturation current, defined here as the
photocurrent level where the RF response is compressed by
1 dB, is around 65 mA for PD A and around 63 mA for PD B for
a bias of 3.5 V. Fig. 4 shows the RF power normalized to an
ideal line with a slope of 20 dB/decade. For PD A, the response
is fairly constant with increasing photocurrent until the onset
of saturation. For PD B, there is a significant enhancement in
the response with increasing photocurrent. This enhancement
is due in part to a small field induced in the absorber at high
photocurrent levels. The p-doping in the absorber of PD B is
lower and more graded so this field should be greater in this
device. The enhancement is also due to the higher n-doping
in the collector of PD B. This doping provides some charge
compensation and preconditions the electric field for operation
at high photocurrent levels. Because the device areas are large,
the 3-dB bandwidth is RC-limited. Therefore, any enhancement
in the response should be attributed more so to improvements
in the field distribution in the depletion region or the device
capacitance rather than improvements in carrier transit time.
For low biases the RF response of PD B saturates at much lower
photocurrent levels than that of PD A. For example, at a bias of

2 V the saturation current of PD B is less than 20 mA whereas
for PD A it is greater than 40 mA. This is due to the fact that
the doping in the collector layer of PD B is significantly higher.
As such a higher bias is required to deplete the collector layer
and optimize the field profile.

The internal quantum efficiency (IQE) was also measured for
both PDs and the results are shown in Fig. 5. The PD structures
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Fig. 2. (a) Zn doping profile in absorber and (b) Si doping profile in collector
for both PDs.

are designed to be very efficient for the device length of 150 m.
The IQE for PD A is around 99% and that for PD B is around
96%. For PD A the IQE is fairly constant with photocurrent and
bias. For PD B there is a slight increase in IQE with increasing
photocurrent. The IQE also degrades slightly at high photocur-
rent levels for low biases. The change in 3-dB bandwidth as a
function of dc photocurrent level is shown in Fig. 6 for both PDs.
As expected, there is a larger enhancement with increasing pho-
tocurrent for PD B. For this PD the 3-dB bandwidth is enhanced
by as much as 40%–50% whereas for PD A it is enhanced by
at most around 30%. The saturation current was also extracted
at 0.5 and 2 GHz. For PD A, the saturation current at these fre-
quencies is 67 and 62, mA respectively. For PD B it is 60 and
62 mA.

To characterize the linearity of the PDs, a two-tone setup
was used similar to that in [9]. Tones were generated at 1 and
0.8 GHz. The output fundamental and IMD3 power were mea-
sured as a function of input modulation power at various pho-
tocurrent levels and biases. Fig. 7 shows the IMD3 measure-
ments for both devices at a photocurrent level of 30 mA and a
bias of 5 V. The OIP3 at these conditions for PD A is 35.8 dBm
and that for PD B is 37.2 dBm. The input modulation power

Fig. 3. Normalized RF power as a function of dc photocurrent at 1 GHz for
(a) PD A and for (b) PD B.

levels applied correspond to a modulation index range of around
62%–82%. Fig. 8 shows the OIP3 as a function of dc photocur-
rent for both PDs. For these measurements the bias for both de-
vices was 5 V and the input RF tones were 1 and 0.8 GHz as
before. At 10-mA dc photocurrent, PD A demonstrates a sig-
nificantly higher OIP3. However at higher photocurrent levels,
the OIP3 for PD B is higher. This is consistent with the satu-
ration characteristics observed. The enhancement in OIP3 with
increasing photocurrent is typical of UTC-PDs. The authors in
[10] attribute this to the electric field induced in the absorber
layer, which improves the RF response. For PD B the increase
in OIP3 in going from 10 to 20 mA of photocurrent is greater
than that for PD A. It is possible that because the absorber layer
doping profile in PD B is lower and more graded, the induced
electric field is greater and therefore the enhancement in the RF
response and in turn the OIP3 is greater. This does not however
explain why the OIP3 of PD B is lower at the lower photocurrent
level. The n-doping level of PD B is 6E16 cm and that for PD
A is 7E15 cm . The doping level in PD B is sufficient for pro-
viding charge compensation, which preconditions the electric
field for high photocurrent levels. This also contributes to the en-
hancement in OIP3 at higher photocurrent levels. Because of the
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Fig. 4. Normalized RF power as a function of dc photocurrent at 1 GHz for
(a) PD A and for (b) PD B.

Fig. 5. Internal quantum efficiency as a function of dc photocurrent for PD A
and PD B.

higher doping in PD B, at low photocurrent levels the collector
layer may only be partially depleted and therefore the response
is degraded when compared to PD A. In general increasing the
bias reduces space charge saturation and enhances both the RF
response and the OIP3 [4], [11]. For PD B a higher bias may
therefore be required at low photocurrent levels in order to de-
plete the field layer and achieve higher OIP3.

Fig. 6. Change in 3-dB bandwidth as a function of dc photocurrent for (a) PD
A and for (b) PD B. The bias is �3.5 V for both devices.

Fig. 7. IMD3 measurements at 30 mA for PD A and for PD B. The bias is
�5 V for both devices.

The OIP3 was also measured for other frequency tones at
a fixed photocurrent level of around 40 mA. Fig. 9 shows the
OIP3 as a function of the higher frequency tone . For PD
A, the OIP3 is fairly constant and begins to degrade slightly as

approaches 1.0 GHz. For PD B, the OIP3 degrades with
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Fig. 8. OIP3 as a function of dc photocurrent for PD A and PD B. The bias is
�5 V for all measurements.

Fig. 9. OIP3 as a function of the higher frequency tone �� � for PD A and PD
B. The photocurrent level is 40 mA and the bias is �� V for all measurements.

however the OIP3 of PD B is higher than that of PD A at all of
the measured values of .

It appears that because of its enhanced response, PD B ex-
hibits a higher OIP3 at high photocurrent levels. Overall PD B
seems to perform better, however the design of the PD structure,
namely the doping profiles in the absorber and collector layers,
can be tailored for a specific region of operation. Recall that for
the same bias, PD A exhibits a higher OIP3 at a photocurrent
level of 10 mA. To reach the same OIP3 at this photocurrent
level, PD B requires a higher bias. If heat dissipation is consid-
ered, PD A is favorable for operation at low photocurrent levels.
However at all measured photocurrent levels above 10-mA PD
B exhibits a higher OIP3 for the same bias, therefore PD B is
favorable for high current operation.

IV. CONCLUSION

We have fabricated and tested UTC-PDs with different ab-
sorber and collector layer doping profiles. An enhancement in
the response is observed for PD B, which has a lower and more
graded absorber doping as well as a higher collector doping.
These result in a higher induced field in the absorber layer and
charge compensation respectively. Saturation currents of 65 mA
for PD A and 63 mA for PD B are demonstrated. To the best
of our knowledge these represent some of the highest satura-
tion currents reported for waveguide PDs. IMD3 measurements
were also performed to investigate the effects of the response
enhancement of PD B on linearity. The OIP3 at a photocurrent
level of 10 mA is 34.7 dBm for PD A and 28.1 dBm for PD
B. However at higher photocurrent levels, the OIP3 for PD B is
higher than that for PD A. At 40 mA for example, the OIP3 of
PD B is 34.9 dBm whereas for PD A it is 30.4 dBm. PD B is
therefore preferable for high current operation.
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Abstract—In this paper, the available analog link performance of
integrated transmitters containing a sampled-grating distributed
Bragg reflector laser, a semiconductor optical amplifier, and a
modulator is evaluated. It is found that to provide a link gain and a
low-noise figure, an RF preamplifier is required, and for this reason,
spurious-free dynamic range (SFDR) including a preamplifier has
been evaluated. An SFDR of 110-dBHz� �, a noise figure of 5.4 dB,
and link gain of 6.9 dB at 5 GHz is obtained. It is further investigated
how link SFDR can be improved by linearization techniques. Two
novel approaches are proposed and demonstrated: first, predis-
tortion by extraction of nonlinear components from an integrated
second modulator exposed to the same wavelength, optical power
and temperature for matched nonlinear terms; second, a novel lin-
earized modulator configuration balancing electroabsorption and
Mach–Zehnder modulation that can reach a null for both second-
and third-order intermodulation products at a single bias point.

Index Terms—Distributed Bragg grating lasers, electroabsorp-
tion, integrated optoelectronics, microwave photonics, optical com-
munications, photonic integrated circuits.

I. INTRODUCTION

I NDIUM Phosphide (InP) integrated photonic circuits is
an attractive technology for application in analog optical

link applications. High-performance optical sources, modula-
tors, and detectors are required to provide the necessarily high
signal-to-noise ratio (SNR) needed for high dynamic range. The
InP material system is sufficiently mature to offer these compo-
nents while being compatible to low-cost production. Further,
it is compatible with chipscale photonic integration of several
components to form high functionality, compact transmitters,
reducing overall component cost, and improving performance
by cutting coupling losses between subcomponents. It has
been shown how sampled-grating distributed Bragg reflector
(SGDBR) lasers integrated with a semiconductor optical am-
plifier (SOA) and an electroabsorption modulator (EAM) forms
a very attractive widely tunable optical transmitter for digital
[1] and analog [2] optical link applications.

This paper builds on these previous results and summarizes
recent efforts to improve the performance for analog link appli-
cations, in particular, efforts to improve link gain, noise, figure
and dynamic range when applied in an analog optical link. Link
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gain in this paper is referred to link power gain, defined as the
ratio of the detected RF power at the output of the link, to the link
input RF power. Link noise figure is defined as the ratio of link
output SNR to the input SNR, given thermal noise limit at the
link input, the exact expression is ,
where is output noise power, is input thermal noise
power, and is link power gain [3]. Spurious-free dynamic
range (SFDR) here applies to the maximum achievable SNR in
the optical link using a two-tone signal probe, with the restric-
tion that the detected in-band intermodulation products remain
lower or equal to the noise floor in a chosen noise bandwidth
(typically normalized to 1-Hz noise bandwidth).

The paper is organized as follows. In Section II, a brief
summary of baseline analog performance of SGDBR-based
transmitters is given, with a particular emphasis on observed
limitations to the performance, as it forms the base of the further
efforts presented within this paper. This data has previously been
published [2] and is here summarized as reference. Section III
covers efforts to improve the noise performance of these trans-
mitters. An improvement in link noise figure is observed by using
a preamplifier. The performance at higher RF frequencies is also
improved by employing optimized transmitter biasing schemes.
The next two chapters are devoted to novel schemes to linearize
the response of the modulator. A compensatory predistortion
scheme is described in Section IV and a linearization technique
employing a weak Mach–Zehnder (MZ) effect is described in
Section V. The last section gives a summary of this work.

II. BASELINE PERFORMANCE

The reference device is described in detail in [1]. It consists of
a SGDBR laser, an SOA, and an EAM, all integrated on the same
InP chip using an offset quantum well structure to define active
regions such as the laser gain section and SOA. The SG-DBR
laser includes gain and phase sections positioned between two
sampled grating distributed reflectors, sampled at different pe-
riods such that only one of their multiple reflection peaks can
coincide at a time [4]. The overall wavelength coverage can be
greater than 45 nm. The integrated SOA compensates for on-state
modulator loss, and for cavity losses caused by free carrier ab-
sorption in the tuning sections, and allows wavelength indepen-
dent power leveling. The EAM uses the same bulk quaternary
waveguide as the tuning sections of the laser. The Franz–Keldysh
effect in the bulk waveguide material provides for large spectral
bandwidth and improved optical power handling capability.

The noise performance of the transmitter was limited by rel-
ative intensity noise at the RIN peak, improving with gain sec-
tion injection current to at best dB Hz at 200-mA bias and
room temperature. The added SOA noise could be observed in

0733-8724/$25.00 © 2008 IEEE
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Fig. 1. Summary of measured EA SFDR when biased for broadband linear op-
eration (minimum second-order intermodulation products) and biased for sub-
octave linear operation (minimum third-order intermodulation products), nor-
malized to 1-Hz noise bandwidth.

the noise floor away from the RIN peak, typically below 2 GHz
or at high frequencies.

A link gain of dB was obtained when using the trans-
mitter in an analog link. The gain can be increased by termi-
nating the detector with a higher load [3]. However, since the
link noise figure is not loss limited, but primarily limited by the
relative intensity noise of the laser, this will not improve the
noise figure of the link. In fact, the lowest noise figure of 32 dB
was obtained in “low biased” condition, with lower link gain, but
where the relative modulator slope sensitivity is greater. The po-
tential for generating positive link gain was found to be severely
limited by absorbed photocurrent in the modulator. In fact, the
EA slope efficiency will asymptotically approach the limit given
by one absorbed electron per photon, much like 100% quantum
efficiency in a laser or a photodiode. This will make it chal-
lenging to reach positive loop gain (and low noise figure) when
optical losses are present.

Like most optical modulators, the EAM has an inherently
nonlinear response. Optimized linearity can be obtained by
careful selection of the EA bias point, though. For broadband,
second-order intermodulation limited operation, the optimum
bias point is found around the highest absolute slope. The
spurious-free dynamic range (SFDR, a common measure of
analog link performance [3]) at 1552 nm was here 97 dB Hz
second-order limited or 106 dB Hz third-order limited.
A summary of the measured SFDR is found in Fig. 1. For
sub-octave applications, where even-order intermodulation
products can be filtered, the EA exhibits an optimum bias point
where third-order intermodulation products in general can be
cancelled out. The dynamic range is 126 dB Hz , fifth-order
limited, at this bias point and 1552 nm. It should be pointed out
that the rapid growth of higher order intermodulation products
with drive power still limits the available linear modulation
depth, even at this bias point. Further, the SFDR was measured
at 0.5 GHz, well below the RIN peak. With unoptimized laser
bias, the SFDR can be degraded up to 10 dB at the peak RIN
frequency.

Fig. 2. Spurious-free dynamic range and link noise figure as a function of
preamplification gain at 500-MHz modulation frequency.

III. PREAMPLIFIED LINK PERFORMANCE

Obtaining a low noise figure in a simple optical link using
this type of transmitter is currently not possible. Therefore, in
most high-performance analog applications, the transmitter will
be preceded by an electronic amplified to improve link gain and
noise figure, and the transmitter performance in the presence of
this amplifier must be considered.

As is well known, adding an amplifier in a microwave trans-
mission system will in most cases degrade the dynamic range in
the system [5]. This is also true here. Care must be taken in se-
lecting preamplifiers such that the benefits in improved link gain
and noise figure does not come at the cost of a greatly reduced
dynamic range. This can be understood from the background of
achieving a low noise figure. As the gain of the preamplifier is in-
creased to reduce noise figure, the amplifier noise gradually starts
to dominate the output noise floor with a resulting degradation in
dynamic range.This is illustrated by theexperimental data shown
in Fig. 2. To obtain this data, two amplifiers were cascaded at the
input of the transmitter. Both amplifiers have a gain of 29 dB, a
noise figure of 2.4 dB and output IP3 of dBm at 500 MHz.
A 6-dB attenuator had to be placed between the last stage am-
plifier and the modulator in order to reduce RF reflections due
to imperfect modulator matching. The overall preamplifier gain
was then regulated by placing an adjustable RF attenuator be-
tween the two amplifiers. It can be observed that at high attenu-
ation, the detected noise floor is predominantly RIN limited and
the SFDR approaches the limit given by the combined nonlinear-
ities of amplifiers and modulator, here at around 112 dB Hz .
As the preamplification gain is increased, the noise figure asymp-
toticallyapproaches thatof thefirst amplifierwithan increasingly
steep dynamic range penalty as the amplifier noise starts to dom-
inate. In the following, an overall noise figure lower that 6 dB is
targeted, to limit the dynamic range penalty.

In Fig. 2, the SFDR is third-order intermodulation limited,
even in the sub-octave case. Without preamplification, the EAM
can be biased such that third-order intermodulation products
are cancelled out over a realistic bandwidth, given that some
care is taken to produce an input two-tone probe signal free
from distortion. In the preamplified case, the effect of cascaded
nonlinearities and their cross-terms leads to a strong frequency
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Fig. 3. Power of the third EAM order intermodulation products as a function
of modulator bias for different RF frequency offset of a two-tone probe signal
centered around 500 MHz.

Fig. 4. Measured power of fundamental and third-order intermodulation terms
and the corresponding SFDR around 500 MHz and for different separation be-
tween RF tones.

dependence on the bias point of minimum third-order distortion.
Additional possible contributors to the wandering third-order
minimum include internal effects in the optical transmitter,
as frequency dependence at the difference frequency ,
including thermal effects at small frequency separations. This
is all illustrated by the results in Fig. 3, where the power of the
third-order intermodulation products is recorded as a function of
two-tone RF frequency offset from 500 MHz. We can observe
that the minimum varies over a 0.2-V range. The sharp dips where
fifth-order limited performance is obtained cannot be maintained
over a realistic RF bandwidth, and the overall performance of the
preamplified transmitter will effectively be best characterized
by an SFDR with a third-order intermodulation limitation.

The resulting SFDRwhen biased at V is shown in Fig. 4,
where intermodulation terms are taken at a range of separation
frequencies of a two-tone probe signal around 500 MHz. The re-
sulting SFDR is 115 dB Hz . To obtain this value, both gain
section and SOA were biased at 200 mA at 18 C at a wavelength
of 1547 nm. The preamplifier gain was adjusted to balance the
SFDR penalty and noise figure such that the overall link gain
was dB with a link noise figure of 5 dB for this result.

These results have all been taken at the moderate frequency
of 500 MHz. At higher frequencies, above 2 GHz, the increased
RIN has been shown to degrade the dynamic range of these

Fig. 5. Measured RIN at 200 and 300 mA and at 20 C and 0 C.

Fig. 6. Measured power of fundamental and third-order intermodulation terms
and the corresponding SFDR around 5 GHz and for different separation between
RF tones.

transmitters [2]. To provide high performance over a wider fre-
quency range, 5-GHz operation frequency is here targeted, the
laser must be more aggressively biased. In accordance with pre-
vious observations [2], [6], the RIN peak is shifted to higher
frequencies and increased damping of the RIN resonance is ob-
served with increasing laser injection current. At room tempera-
ture and 200-mA injection current, the RIN was here measured
at dB Hz at 5 GHz, as shown in Fig. 5. The measured
low frequency noise can be controlled by using more quiet cur-
rent drivers and improved decoupling to the tuning sections of
the SGDBR laser. Increasing the injection current to 300 mA
reduced the RIN level to dB Hz. Lowering the temper-
ature from room temperature to 0 C produced a similar im-
provement at 5 GHz from increased injection efficiency. Com-
bining reduced temperature with higher injection current finally
pushed the RIN down to dB Hz, sufficient to produce a
respectable dynamic range even at this frequency.

A similar arrangement was built to produce a preamplified
transmitter at 5 GHz as is used for the 500-MHz results pre-
sented above. A dual amplifier configuration with adjustable
overall gain is used. The first amplifier has a noise figure of 2 dB
and an IP3 of 30 dBm, and the second amplifier has a noise
figure of 5 dB and an IP3 of 38 dBm. Again, a small attenu-
ator (3 dB) was placed in-between the last stage amplifier and
the modulator to control reflections. Fig. 6 shows the power of
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Fig. 7. Operational schematic of broadband linearization scheme. Shaded areas are integrated on the single InP chip shown in Fig. 8.

Fig. 8. Schematic of integrated photonic circuit.

the fundamentals and intermodulation terms at a range of sep-
arations of the two-tone probe. The preamplification gain was
adjusted to produce a link noise figure of 5.4 dB and a link gain
of 6.9 dB, resulting in an SFDR of 110 dB Hz , limited by
the nonlinearities of amplifiers and the modulator.

IV. COMPENSATORY PREDISTORTION

In the previous section, it was showed how the link gain and
NF could be improved by adding preamplification. The high-
performance frequency range was also extended by optimizing
the drive conditions of the laser. However, no significant im-
provement in the dynamic range was generated in comparison
to previous work [2].

Several linearization schemes can be considered to improve
the linearity of these optical transmitters, not all are suitable
for the particular requirements of a widely tunable transmitter
that need to be compatible to a WDM environment. Perhaps the
commercially most successful is using predistortion where im-
provements in performance can be achieved using an inexpen-
sive and power efficient electronic circuit [7]. This approach
can typically not adapt to changing operating conditions and
requires that the response of the transmitter stays constant. It
is, therefore, not suitable for integration with a widely tunable
transmitter and a modulator that has wavelength-dependent re-
sponse. An alternative is using feed-forward linearization where
the modulated signal is tapped off and compared to the input to
form a correcting signal to be added to the output [8]. In this
way, any variations of the response are automatically corrected.
However, the added signal must be separated in wavelength to
avoid coherence effects, and is, therefore, not compatible to a
WDM environment.

In the investigated approach, a predistortion circuit is con-
structed by measuring the nonlinearities of a first optical modu-
lator to provide the predistorted input to a second modulator.
This approach combines dynamic extraction of nonlinear re-
sponse and WDM compatibility. Past demonstrations of this ap-
proach has typically been limited by the need to use two sepa-
rate transmitters with slightly different response [9]. Here, the

two modulators are integrated closely on a single chip, sharing a
single optical source. Any variations in chip temperature, input
power or wavelength now affect both modulators equally and
can be dynamically compensated for.

Fig. 7 shows a schematic of the demonstrated predistortion
arrangement. The input signal is split in a 2:1 ratio, where the
lesser part is used to drive the predistortion link. The output of
the link is then subtracted from the remainder of the input signal
to form the predistorted input to the second transmitter. A driver
amplifier and an optical attenuator are included in the link to
ensure that the input power to the two transmitters stays equal
for optimum distortion cancellation. In this demonstration, two
discrete connectorized driver amplifiers are used. However, to
fully take advantage of the linearization scheme, more inte-
grated driver amplifiers should be used, preferably using two
similar amplifiers sharing a common heat-sink.

Fig. 8 shows a schematic of the fabricated integrated pho-
tonic circuit. It is similar to the base device used previously
with the difference that the power from the source is split into
two EA modulators located in close proximity on the chip. The
optical 3-dB bandwidth of this modulator is 8 GHz. A second
reversed biased passive section acts as an optical attenuator and
the detector then completes the on-chip optical link in one of the
two waveguide paths. The second waveguide forms the optical
output.

The SFDR of EAM2 in Fig. 8 without activating the predistor-
tion path or using a driver amplifier is measured at 98 dBHz ,
when biased at maximum slope. This is about 7 dB lower than
devices incorporating a single EA modulator [2], which can be
attributed to the lower transmitted power of this particular pro-
totype device. Connecting a driver amplifier to EAM2 with low
power consumption ( mW) and low third-order intercept
point ( dBm), the overall link gain is improved at the ex-
pense of a penalty in SFDR, now 93 dBHz . The left plot of
Fig. 9 shows the captured RF spectrum around 500 MHz, where
third-order intermodulation terms can be clearly observed.

Activating the on-chip predistortion link to compensate for
nonlinearities, the third-order intermodulation terms can be re-
duced. The right plot of Fig. 9 shows the captured spectrum
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Fig. 9. RF spectra around 500 MHz for transmitter with and without
predistortion.

Fig. 10. SFDR of the predistorted transmitter with and without 50-MHz fre-
quency offset from setting, and not predistorted with and without driver. The
input power has been adjusted to facilitate comparison. The curves “Not lin-
earized, no driver” and “Linearized, 50 MHz offset” overlap on this scale.

where the amplitude and phase response of the predistortion cir-
cuit has been matched. More than 20-dB suppression of third-
order intermodulation terms is observed. This corresponds to a
closely matched phase and amplitude in the summation of signal
and predistortion link output. To generate 20 dB of intermodu-
lation suppression, the power must be matched within 0.3 dB. A
small penalty in higher order intermodulation terms is observed.
This is a common effect in many linearization schemes and must
be controlled so that it does not lead to a penalty. The measured
SFDR at 500 MHz is compared to the uncompensated case in
Fig. 10 where a fifth-order intermodulation-limited SFDR of
110 dBHz is obtained, more than compensating for the non-
linearities of the driver amplifier.

Like any linearization scheme that relies on gain matching,
the effective bandwidth of the linearization is limited due to vari-
ations in frequency response. To investigate the effective band-
width, the center frequency was shifted while keeping all adjust-
ments in the predistortion part constant. The results are shown
in Fig. 11, where the dynamic range is plotted as a function
of frequency offset. A noise bandwidth of 1 MHz was chosen
to take into account the varying slope of the intermodulation

Fig. 11. Measured dynamic range in 1 MHz of the linearized transmitter as a
function of shift in operating frequency.

terms with modulation power. It is observed that a 10-MHz
frequency offset corresponds to only a 2-dB penalty in SFDR,
while the added distortion of the driver amplifier is compen-
sated for within a 50-MHz single-sided bandwidth. This frac-
tional bandwidth can be improved by using more uniform re-
sponse RF components or an equalizing circuit [10].

Even at zero frequency offset, the performance of the lin-
earized transmitter does not reach the 115 dBHz measured
in Fig. 4, using a single preamplified EAM. This is because of
lower baseline performance of the optical and electrical devices,
not an inherent limitation of the linearization technique. The
9-dB improvement in SFDR in 1-MHz bandwidth still repre-
sents a realistic number for the SFDR improvement practically
achievable using careful amplitude and phase matching in this
linearization scheme.

This linearization scheme has been shown to provide a limited
amount of improvement in linearity in a compensatory manner.
It is compatible with a widely tunable laser in that the gener-
ated predistorted signal is compensating for any wavelength de-
pendence in the EA response. It has also been shown capable
of compensating for amplifier nonlinearities, an important ca-
pability for application in realistic link applications, where the
response of the amplifier also needs to be considered when low
link noise figure is required. Here, this was limited by the use of
discrete amplifier modules where the nonlinear terms not nec-
essarily match. Ideally more closely integrated driver ampli-
fiers with closely matched response should be used. One op-
tion is then to trade off the amplifier performance to reduce the
power consumption of the transmitter, and compensating the
loss of linearity. A highly linear amplifier can easily dominate
the power budget of an analog transmitter. For automatic lin-
earization over the entire tuning range, automatic predistortion
gain control will need to be implemented to compensate for the
variations in EA slope sensitivity with wavelength.

V. LINEARIZED MODULATOR

The compensatory predistortion presented above is well
suited to reach a high level of linearization over a narrow band
or a moderate level of linearization over moderate band. The
problem with this approach is gain imbalance due to very slight
variations in the frequency response of the modulators. The
cancellation then only takes place within this limited frequency
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Fig. 12. Simple schematic of proposed modulator.

Fig. 13. Simulated linearized DC extinction curves for different ratios of equiv-
alent EAM � � to MZ � �.

range. We here propose and demonstrate a modulator struc-
ture that uses a single electrode to produce two modulation
effects, which are then adjusted to produce an overall linearized
response. Since only one electrode is being modulated, a lin-
earized response over a wide frequency range can be expected.

The linearized modulator is based on a standard EAM. The
EAM is inserted in a MZ configuration, where the other arm of
the MZ is not being modulated. This produces a composite re-
sponse which is given by the combination between electroab-
sorption and interference within the MZ modulator structure
given by the electrorefraction in the modulator. Fig. 12 shows
a simple schematic of the proposed modulator. The electroab-
sorption is modeled after the response of a Franz–Keldysh mod-
ulator, where both phase and amplitude is modulated. The total
response of the modulator is then a combination of EA and MZ
modulation. The EA modulator is biased at maximum slope sen-
sitivity with minimum second-order intermodulation products.
The phase control of the MZ is regulated to the corresponding
operating point, with minimized second-order intermodulation
but at opposite slope. A linearized response is then generated
by regulating the amplitude balance between the two arms, such
that third-order intermodulation products of the EA and MZ are
cancelled out.

Fig. 13 shows a sample of simulated linearized responses for
different ratio between the equivalent of the EAM and MZ

. For a high ratio, the power of third-order intermodulation
products generated by the MZ is large relative to those pro-
duced by the EAM. In this case, a highly unbalanced MZ is re-

Fig. 14. Measured modulator DC extinction curves using the EAM only, and
for the bias points (MZ phase + MZ balance) for a linearized DC transfer func-
tion and the transfer function where linearized RF modulation is observed.

quired for third-order intermodulation cancellation. As the
ratio decreases, the voltage range where a constant slope is ob-
tained increases as the cancellation of higher order intermodu-
lation terms also improves. Reducing the ratio even more, a
penalty in overall slope sensitivity appears, as the absolute slope
of the MZ becomes comparable to that of the EAM. A ratio
of 2 represents a good operating point with low penalty in slope
sensitivity, and still a wide voltage range with constant slope.

Further, in addition to simultaneous cancellation of second
and third-order intermodulation, the model shows that careful
adjustment of the three DC controls would allow additional can-
cellation of fourth-order intermodulation products. In practice
below, this operating point was never reached.

The device used to experimentally verify the proposed lin-
earized modulator configuration is similar to that described
in [11]. It consists of a widely tunable sampled grating DBR
laser, a semiconductor amplifier (SOA) and a MZ modulator, all
integrated on the same InP chip. The modulator consists of mul-
timode interference (MMI) sections and 600- m-long lumped
electrodes.The laser-modulatorusesacommonwaveguidestruc-
ture, where passive sections, such as used in the MZ modulator,
is defined by selective removal of an offset active quantum-well
material. The bulk material of the electrodes of the MZ exhibit
both electrorefraction and electroabsorption at reverse applied
bias.This makes theMZasuitablecandidate fordemonstrationof
the above linearization scheme, which requires both effects. MZ
amplitude control is then achieved when reverse bias is applied to
the second MZ electrode, absorbing part of the light. Amplitude
independent phase control is obtained in a separate phase
control section, using carrier injection phase tuning.

Fig. 14 shows the DC extinction at 1542-nm wavelength.
The extinction of EA only is obtained when the second elec-
trode of the MZ is deeply reverse biased ( V) for full
absorption. With the correct balance between EA and MZ ef-
fects, an overall linearized response at DC is obtained, shown
in Fig. 14. This operating point is not the same as for linear op-
eration at RF modulation. The response at DC is affected by
slow thermal effects that do not affect the response at RF mod-
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Fig. 15. Detected power of fundamental and intermodulation products using
EA modulation only for 4-dBm modulation power per tone and at 1542 nm.

Fig. 16. Detected power of fundamental and intermodulation products using
the linearized modulator for 4-dBm modulation power per tone and at 1542 nm.

ulation around a constant DC bias point. The DC response ob-
tained at the linear bias point for RF, shown in Fig. 14, indi-
cates that the electrorefractive effect is relatively more affected
by slow heating, with a higher effective at RF than is indi-
cated by DC data. Currently, the SOA bias current was reduced
to limit MZ input optical power so that the – product of each
MZ electrode remained less than 100 mW at V, being
the absorbed photocurrent. The reduced optical power also lim-
ited the total link gain and available SFDR. The spurious-free
dynamic range (SFDR) was evaluated using two-tone modula-
tion at MHz. Odd-order intermodulation
products were measured either at either or ,
whichever term was the greatest. Even-order intermodulation
products were measured at .

Figs. 15 and 16 shows a comparison between EA only and
the linearized modulator of the power of fundamental and in-
termodulation products as a function of applied electrode bias.
Using EA modulation only, a characteristic behavior for most
modulators is observed, where at maximum slope, second-order

Fig. 17. Measured SFDR, limited by even or odd-order intermodulation prod-
ucts for the EAM and for the linearized modulator at 1542 nm and for receiver
limited noise floor.

intermodulation products are minimized, while third-order in-
termodulation products are prevalent. For the linearized mod-
ulator, local minima for both odd and even order products are
obtained at the same bias voltage, V. This represents the
central advantage of this type of linearized modulator, the ability
to linearize the response for broadband application. Due to slow
thermal effects, the power of the fundamental does not stay con-
stant over a wide DC voltage range, as would be expected form
a linearized behavior. Instead, a local minimum with a slight
curvature is found around the linear bias point.

The measured SFDR is shown in Fig. 17 for both EAM
and the linearized modulator. For the EAM, second-order
intermodulation was cancelled at maximum slope. The SFDR,
as limited by odd and even order products was 91.9 dB Hz
and 104.9 dB Hz , respectively. For the linearized mod-
ulator, both second and third-order intermodulation products
could be cancelled, and odd-order limited SFDR increased to
98.9 dB Hz . Even-order limited SFDR was reduced to
93.4 dB Hz . The main reason for reduction is lower slope
sensitivity of the linearized modulator. The noise floor was in
all cases limited by receiver noise.

Linearized modulation was obtainable over the entire tuning
range of the integrated SGDBR laser. To investigate the depen-
dence on emission wavelength, the laser was tuned to the ex-
tremes of the tuning range and the SFDR was measured. The
results are summarized in Table I. The linearization can reduce
the relative power of third-order intermodulation products to a
higher degree than second-order intermodulation, as the EA was
biased for minimum second-order intermodulation to start with.
However, the modulation sensitivity was reduced by more than
10 dB over the tuning range, resulting in a very modest improve-
ment in SFDR. The cause of this is the nonoptimized balance
between the relative effect of MZ and EA modulation. Poten-
tially, with the right modulator material parameters, there could
be a very low penalty in overall slope sensitivity, resulting in a
broadband enhancement in odd-order limited SFDR by greater
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TABLE I
SFDR LIMITED BY ODD (��� � ��) OR EVEN (�� � ��) ORDER INTERMODULATION PRODUCTS

FOR LINEARIZED AND NOT LINEARIZED EAM AT DIFFERENT WAVELENGTHS

than 10 dB with no penalty in even-order limited SFDR. How-
ever, unless overall slope sensitivity is sacrificed, a high-chirp
EA must be developed that corresponds to a highly efficient MZ
effect.

VI. CONCLUSION

In this paper, we have performed further investigations in
transmitters formed by the integration of a widely tunable
SGDBR laser with an SOA and modulator for analog optical
link applications. It has been shown that by adding a pream-
plifier to the transmitter, low noise figure and optical link
gain can be achieved. It is also shown that in a practical link
application, with preamplification, a fifth-order dependence
of intermodulation terms will practically not be reached, as a
strong dependence of linear bias point to frequency separation
using a two-tone probe signal is observed. The preamplified
sub-octave SFDR was 115 dBHz (5 dB-NF and 10.5-dB link
gain) at 500 MHz and 110 dBHz (5.4 dB-NF and 6.9-dB
link gain) at 5 GHz, using a low-RIN operating point.

Improved dynamic range can be achieved using any of a
number of linearization schemes. Two novel approaches have
been investigated in this work. The first uses an compensatory
predistortion scheme where an integrated second modulator is
used to extract nonlinear terms. 20-dB suppression of inter-
modulation terms has been demonstrated. This approach will
respond to any changes in modulator response due to wave-
length, temperature and other factors. It has also been shown to
be capable of providing linearization of preamplifiers, allowing
the use of more nonlinear but efficient amplifiers. The main
drawback of this approach is the requirement for gain matching
over the operating frequency range, making this approach most
attractive for narrowband applications.

The second linearization approach investigated is a linearized
modulator fashioned from a combination of electroabsorption
and MZ modulation that can null both third and second-order
intermodulation products at a single bias point.This approach has
the potential for wideband linearization, being a single electrode
approach with no requirement for gain matching. The limitation
is here the requirement for triple bias control; EA bias, MZ phase,
and MZ balance. These must be further adjusted for any changes
in modulator response due to input wavelength, temperature, etc.
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Abstract: For the first time we demonstrate sampling downconversion of a 10GHz phase 

modulated optical signal using an integrated coherent receiver with feedback. At a downconverted 

frequency of 100 MHz we measure 19dB improvement in SIR. 
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1. Introduction 

The need for extreme linearity and low noise figure in certain analog link applications has resulted in an increased 

interest in optical links that employ phase modulation [1]. However, the challenge in leveraging the potential 

benefits of such links resides in the receiver architecture where standard interferometer based demodulation of 

phase generates a sinusoidal response between input phase and output photocurrent. Our effort to generate a linear 

response uses a feedback loop to a linear tracking phase modulator [2]. Other efforts include linearization of the 

receiver response using digital signal processing [3]. However, both these approaches suffer from bandwidth 

limitations when the input frequencies are in excess of a few GHz. In the former approach, even with compact 

integration of electronics and photonics, physical delays in the feedback path limit the stable loop bandwidth.   

In this paper we demonstrate optical down-sampling [4] as a viable technique for extending the input frequency 

range of a coherent integrated receiver. By downconverting a 10GHz input signal to baseband, we are able to utilize 

the feedback architecture of the receiver to linearly demodulate the phase of the carrier frequency even though it 

exceeds the bandwidth of the receiver.  

2. Optical Sampling Experiment 
In this technique a train of short optical pulses from a high repetition rate pulsed optical source (typically a mode-

locked laser (MLL)) is used to sample the optical phase of the input RF signal via an optical phase modulator as 

shown in Figure 1, right. The input signal is sampled at a rate that’s close to its RF period, the pulses are integrated 

by the detector capacitance and a downconverted frequency component, is obtained. The frequency of this 

component is the difference between the pulse rate and the input signal frequency (fpulse-f1,2). The optoelectronic 

integrated receiver uses this downconverted signal to linearly demodulate the phase encoded carrier signal as 

described in [5].    
 

 

 

 

 

 

 

 

 

Fig. 1. Left: Experimental link. Right: Optical Sampling of phase modulated signal using pulse source 

Figure 1, left shows a schematic of the experimental link used to demonstrate optical sampling. A commercial MLL 

with fpulse=9.95327GHz and pulse width<1.4ps is used. The path lengths in the two arms of the fiber interferometer 

need to be accurately matched in order to ensure temporal overlap of the optical pulses from the signal and 



reference path. Here, an optical delay line is used for path length matching. Polarization maintaining fiber and 

components are used for stability. Currently, we do not have an optical filter that has high bandwidth and high 

power handling capability (>26dBm) to filter out ASE noise from the EDFA. Consequently, this limits the noise 

performance of the receiver. Another limitation to receiver performance arises from the super mode noise generated 

in the laser cavity about -60dBc.  

3. Results  

Figure 2, left shows the detected fundamental power and the power of the intermodulation distortion terms as a 

function of modulator drive power at a downconverted frequency of 100MHz. The input RF tones (f1=9.852GHz 

and f2=9.853GHz) are applied to the transmitter phase modulators whose Vπ’s are 4.4V and 5.5V, respectively. 

When the receiver is operated without any feedback (open loop) the SIR is measured to be 35dB for an input power 

of 6.75dBm. When the receiver is operated closed loop with feedback in effect several observations can be made. 

First, for a higher input power (9.75dBm) the SIR is 19dB higher. This gives a clear indication that the reference 

phase modulator in the feedback path is linearly tracking the sampled incoming signal phase at a frequency of 

100MHz. Second, the output RF power is nearly 20dB lower than the open loop case. This can be explained by 

noting that when feedback is in effect, there is a net decrease in phase swing across the phase demodulator resulting 

in a lower output power. Also, the signal is now tapped at the input of the reference phase modulator, not the output 

of the balanced detectors as in the open loop case.  Figure 2, right shows the degradation in SIR at higher 

downconverted frequencies under closed loop operation. This is consistent with the baseband measurements of [2] 

where at higher frequencies, the feedback gain decreases resulting in reduced phase tracking.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.Left: Measured power of fundamental and IMD3 at 100MHz. Right: SIR as a function of downconverted frequency. 

The measured noise (-120dBm/Hz) is relatively high and can be attributed to noise contributions from both the 

EDFA and the MLL.  

4. Summary 

In this paper we demonstrate photonic downconversion using an integrated coherent receiver with feedback. The 

19dB improvement in SIR realized at 100MHz downconverted frequency suggests that this method can be used for 

linear optical phase demodulation at carrier frequencies in excess of the bandwidth of the receiver.   
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Abstract:  We describe the design and fabrication of an integrated coherent receiver incorporating 
a novel grating beam splitter for linear optical phase demodulation. The open loop behavior of the 
receiver is measured in a link experiment. 
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1.  INTRODUCTION 

Linear demodulation of phase modulated optical signals is needed to realize the extremely high dynamic range 

afforded by phase modulated analog photonic links. Interferometer based optical phase demodulators have a 

sinusoidal response that limits their performance [1].  In order to overcome the inherent nonlinearity associated with 

the phase recovery process we have utilized a phase locked loop (PLL) [2, 3]. The utilization of a PLL sets stringent 

requirements on the delay of each element in the feedback path. To operate at microwave frequencies, an integrated 

platform that is four orders of magnitude more compact than fiber optics is required [2]. Using an InP integration 

platform we were able to realize compact integration of electronics and photonics and measure an SFDR of 

125dB.Hz
2/3
 at 300 MHz under closed loop operation [4]. However, to achieve sufficient loop gain for a SFDR of 

130dB.Hz
2/3
 at 1 GHz, the loop delay must be <15ps to maintain stability.  

In this paper we demonstrate open loop behavior of an integrated receiver with an ultra-compact grating beam 

splitter in an analog link experiment to show the potential for linear phase demodulation. We describe the design and 

fabrication of the novel grating-based beam splitter that can replace conventional directional couplers or multi-mode 

interference (MMI) based couplers in applications that require ultra-compact beam splitting [5]. This beam splitter is 

integrated with detectors and modulators to form the coherent integrated receiver.    

2.  GRATING-BEAM SPLITTER BASED INTEGRATED RECEIVER 

Fig. 1 (a) shows the configuration of the balanced receiver in which the grating beam splitter is integrated with 

MQW phase modulators and uni-traveling-carrier photodiodes (UTC-PDs). The beam splitter includes a quasi-free 

space region and a short interference region consisting of grating grooves. The quasi-free space region allows the 

input and output beams to diverge freely in the lateral direction, confining them in the transverse direction only. The 

grating region splits an incoming beam into transmissive (undiffracted) and reflective (diffracted) beams.  
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                                                (a)            (b) 
Fig. 1. (a) Schematic of integrated receiver with grating-based beam splitter. (b) Splitting ratio of grating-based beam splitter ver

Nearly equal splitting is observed at the Bragg wavelength. 

In order to avoid the mode degradation due to oblique incidence of finite beams onto thick grating

design the incident waveguides with a small angle that is sufficiently large to distinguish beams in th

space region. An angle of 10° from normal incidence is selected and is a reasonable compromise fo
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propagation length. Secondly, to also achieve the targeted splitting with an ultra-short coupling length, a highly 

reflective Bragg grating for 1550 nm wavelength is utilized. Thirdly, the unique quasi-free space region is 

introduced in order to expand the incoming beams to be comparable or wider than the grating length. The 

divergence in the quasi-free space region is faster than that in the traditional adiabatic flaring so that the traveling 

distance can be kept as short as possible. The performance of an equal splitting grating-based beam splitter is shown 

in Fig. 1 (b). 

     The integrated receiver as shown in Fig. 2 consists of a balanced UTC-PD, a compact 2x2 grating-based beam 

splitter, and MQW phase modulators. The device platform and fabrication process used is similar to that reported in 

[6]. To form the deep gratings, a SiO2 mask was patterned with holographic lithography. The gratings were then 

transferred into the MQW waveguide core with methane/hydrogen/argon/oxygen-based reactive ion etching with an 

alternating etching and oxygen descumming process [5]. The largest index contrast in the grating is achieved when 

the slab waveguide layer is completely etched through. The etch of the deep grating grooves is followed by a blanket 

p
+
 - InP cladding and p

++
 - InGaAs contact layer regrowth. This regrowth yields no apparent air voids, which 

suggests low scattering losses in the grating region.  
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Fig. 2. SEM of integrated coherent receiver on carrier. The RF signal in-between a pair of balanced UTC-PD and gratings are indicated. Two 

fiber coupled incoming beams are illustrated with arrows in red and green. 

3.  OPTICAL PHASE DEMODULATION EXPERIMENT 

Fig. 3 shows an experimental analog link that was built to evaluate the integrated receiver performance under open 

loop operation. The optical source consists of a tunable c.w. laser operating at 1545nm. The details of the link are 

described in [4]. In order to characterize the third order intermodulation distortion generated in the receiver we apply 

a two tone probe signal at the transmitter. However, as described in [4] we apply them separately to two LiNbO3 

modulators. Since, the grating is sensitive to the polarization of the incident light, the polarization controllers located 

before the device allow the polarization to be optimized for highest splitting ratio. The grating coupler in 

conjunction with the balanced photodiode forms an optical mixer that can demodulate the incoming signal phase 

applied at the transmitter.   

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Schematic of experimental analog link 

Fig. 5. shows the power spectra at the output of the receiver under open loop operation. The frequencies of the two 

tones are 300 MHz and 302 MHz. The measured signal to intermodulation ratio (SIR) is 28.9dB for an input power 



of 10dBm. As mentioned earlier, standard interferometer based demodulation of phase results in a sinusoidal 

relation between the detected photocurrent and incoming signal phase. Consequently, the linearity of the receiver is 

severely degraded by the phase recovery process.  Fig. 5 (b) shows an SFDR of 86dB.Hz
2/3 
at 300 MHz with 10mA 

of photocurrent per individual photodiode.  The measured noise in the receiver was -127dBm/Hz and can be 

attributed to the spontaneous emission noise from the EDFA. 

 

       
(a)     (b) 

Fig. 4. (a) Receiver output power spectra for open loop. (b) SFDR at 300MHz, 10mA photocurrent   

The demonstrated open loop operation of the receiver illustrates the ability of the receiver to demodulate optical 

phase.  The grating-based beam splitter successfully combines and splits the two incident optical beams so that the 

balanced UTC-PD demodulates the microwave signal phase. This demodulated signal can be amplified and fed back 

to the integrated phase modulators to perform linear optical phase demodulation.  

4.  CONCLUSION 

In summary, we have demonstrated phase demodulation with a coherent integrated receiver incorporating a novel 

grating-based beam splitter. When combined with feedback, this receiver will realize short feedback loop delays in 

order to perform linear optical phase demodulation at microwave frequencies. 
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Abstract— This paper presents non-classical bandpass filter
designs for a reconfigurable photonic integrated circuit (PIC).
Because the designs must be realizable for a high frequency
range in a new optical device, we consider digital infinite-
impulse response filters that avoid lasing for a specific unit cell
configuration. In order to accommodate the architecture of the
PIC, we describe a design procedure for bandpass filters in the
10 GHz frequency range based on a prototype filter constructed
from second-order sections.

I. I NTRODUCTION

For future signal processing platforms, it will be necessary
to design filter structures that operate at frequencies near10
GHz and with bandwidths around50 MHz. Although opti-
cal infinite-impulse-response (IIR) and finite-impulse-response
(FIR) filter architectures have previously been proposed [1]–
[4], no photonic integrated circuits (PICs) have been physically
realized. However, with recent advances in PIC technology,
it is anticipated that filters in this frequency range can be
implemented using a cascade of unit cells. In order to model
such devices, we consider bandpass filter designs that fulfill
these requirements while maintaining normal operation with-
out lasing.

For a reconfigurable PIC, device elements that provide in-
dependent control of the magnitude and phase of the poles and
zeros of an IIR system are needed. To achieve this, the unit cell
is integrated with the following elements as shown in Figure 1:
multi-mode interference (MMI) coupler [5], semiconductor
optical amplifier (SOA) [6], and phase modulator (PM) [7].
The component operations can be described as functions of the
input signal wavelength, yielding optical-response characteris-
tics. To match the response of the physical device to that of a
digital filter design, we employ az-transform model to derive
the correct mapping of the PIC parameters. The mapping is
based on the bilinear transform, which connects the digital
and analog domains via the sampling frequencyfs, which in
turn is related to the free spectral range (FSR) of the optical
system [8], [9]. For the particular unit cell considered here,
we assume thatfs = 25 GHz.

A PIC operating in the frequency range of10 GHz is
vulnerable to lasing, which is the condition where the device
operates as a laser rather than yielding an optical signal that
can be processed [10]. Methods of mapping between the
optical and signal processing domains were explored in [8],
[9], but the need to avoiding lasing for our particular device has

Fig. 1. Unit cell configuration and its signal flow.

not been examined. We have developed mapping strategies for
the unit cell, which are independent of the results in [8], [9]. At
the desired operating frequency range and with a sufficiently
large sampling frequency, classical IIR filter designs result in
poles that are very close to the unit circle. These poles in turn
correspond to component parameters of the PIC that can cause
lasing. To address this issue, we modify the poles and zeros
that result from classical designs, such as the elliptic filter,
to obtain a magnitude response that has a suitable passband,
while avoiding lasing.

The rest of this paper is organized as follows. Section
II explains the basic operation and structure of a PIC unit
cell, and briefly describes its components. This section also
provides an overview of the basic Fabry-Perot etalon [11].
Section III presents filter design techniques and a parameter
mapping for governing the behavior of the physical unit cell.
The Fabry-Perot etalon is used to demonstrate the relationship
between an optical scattering coefficient and thez-domain
transfer function. Example results of the designs and responses
of the PIC are shown in Section IV, and Section V provides
a summary of the filter design.

II. PHOTONIC FILTER OVERVIEW

A PIC processes information signals carried on optical
wavelengths in the visible spectrum. The structure under
consideration here consists of a cascade of unit cells, each
of which can be viewed as the basic building block of the
overall system. A unit cell functions similar to a second-
order IIR system providing individually controllable poles and
zeros, and has the three previously-mentioned components:
MMI, SOA, and PM. The MMI is an optical device that splits
or combines its input signals [5], and is characterized by a
transmission coefficient and a coupling coefficient. The SOA
provides a signal gain, whereas the PM changes the phase
[6], [7]. The arrangement of the MMI, SOA, and PM for the
unit cell considered here is shown in Figure 1. With these



Fig. 2. Fabry-Perot etalon and its signal flow.

three components, feedforward and feedback structures can
be implemented and reconfigured to process optical signals.

The input-output relationship of an optical system is mod-
eled by a scattering coefficient [11]. To demonstrate the use
of a scattering coefficient for signal processing, we examine
a basic optical element known as the Fabry-Perot etalon,
which functions as a simple optical narrowband filter. It
is characterized by two sets of reflection and transmission
coefficients{t1, r1, t2, r2}, the lengthL of the device, and the
propagation constant̃β of the material [11]. Figure 2 shows a
block diagram of the Fabry-Perot etalon and its signal flow.

The etalon is typically made of two reflecting surfaces.
When an incident signals(t) strikes the interface of the etalon
from either material with indexn1 or n3, part of the signal
will reflect according tors(t), while the rest transmits through
as ts(t), wherer and t satisfyr2 + t2 = 1. Inside the etalon,
the signal magnitude and phase will change due to properties
of the material according toe−jβ̃L, where β̃ is the complex
propagation constant of the material with indexn2. Example
indices aren1 = n3 = 1.0003 for air and n2 = 4.24 for
silicon. For a symmetric (r1 = r2) and lossless (βi = 0)
Fabry-Perot etalon, Figure 3 shows the optical response of
the structure conveyed by the transmission coefficientS21

described in the next section. Observe that it is a periodic
function of βL whereβ is the attenuation component ofβ̃.

The spacing between two adjacent resonator modes, known
as the free spectral range (FSR) [11], is given byFSR =
c/2nL where c is the speed of light,n is the index of
the material, andL is the length of the device. As seen in
Figure 3, the FSR corresponds to one period of the plot; the
repeating nature of the optical pole graph translates to an
inherent sampling frequency offs = FSR. With knowledge
of the parameters of the device and its optical behavior, we
can establish a correspondence between the optical response
and az-domain transfer function and thus the corresponding
frequency response.

The problem of lasing must be considered when designing
digital filters for the unit cell. Because feedback is needed
to create an IIR filter response, the unit cell contains a loop
configuration in the design. Since a loop results in an internal
power loss for the optical signal, an SOA is integrated into
the design. Lasing refers to the condition when the gain and
loss within the loop are equal, resulting in an output that is
independent of the input. The effect of lasing is closely related
to the instability of a digital filter with feedback. Therefore,
one must design the IIR filter poles to be sufficiently within the

Fig. 3. Fabry-Perot transmission response showing pole locations.

unit circle in thez-plane. For our unit cell, we have determined
that the pole magnitudes should be constrained to be< 0.995
in order to provide a margin of safety.

III. PHOTONIC INTEGRATED CIRCUIT

A. Basic Filter Design

The bandpass filter design requirements of interest are the
following: 10 GHz center frequency,50 MHz resolution, and
60 dB stopband attenuation. Using a twelfth-order elliptic filter
and a40 ps sampling period, we are able to meet the design
criteria. However, the resulting classical filter structure has
pole magnitudes exceeding0.995, which may cause the PIC
to exceed the lasing threshold. As a result, we use the elliptic
filter for a prototype design and derive a suboptimal filter by
adjusting the pole magnitudes.

B. Cascade System

The design is based on a cascade of second-order elliptic
filter sections. The transfer function of a second-order all-pole
system can be written in thes-domain as

H(s) =
1

s2 + 2ζωos + ω2
o

, (1)

which is characterized by the cutoff frequencyωo (natural
frequency) and the sharpness of the peakζ (damping ratio).
Since the poles occur as a complex conjugate pair of the form
−σ ± jω, (1) can be written as

H(s) =
1

s2 + 2σs + (σ2 + ω2)
(2)

where

σ = ζωo (3)

ω = ωo

√
1− ζ2. (4)

A cascade of second-order sections translates to fabricated
unit cells with a more rapid and stable configuration than
that possible using coupled resonators. The architecture of the
unit cell is based on using a second-order section as the basic
component of the filter design.



C. Pole Constraint

In the digital filter design, we must take into consideration
that the pole magnitudes should not exceed0.995 in the z-
domain in order to avoid lasing. To determine the correspond-
ing constraint on the pole locations, we start with the bilinear
transform that connects a digital design to the poles in the
s-domain, i.e.,

z =
1 + Ts

2 s

1− Ts

2 s

=
1− σ Ts

2 + jω Ts

2

1 + σ Ts

2 − jω Ts

2

(5)

whereTs is the sampling period. Since the magnitude ofz is
< 0.995, this corresponds to√(

1− σ Ts

2

)2
+

(
ω Ts

2

)2√(
1 + σ Ts

2

)2
+

(
ω Ts

2

)2
< 0.995. (6)

After a few equation manipulations, we arrive at the following
expression:(

σ − 398
Ts

)2

+ ω2 <
397.9952

T 2
s

, (7)

which we see is the equation of a circle. As shown in Figure 4,
the region of the constrained poles is entirely to the left of
the imaginary axis, which is required for general stability,
and is vertically centered about the real axis to allow for a
complex conjugate pair. Observe that the poles are constrained
to be further away from the imaginary axis with increasing
frequency.

D. Parameter Mapping

We can establish a connection between the optical character-
istics of the unit cell and itsz-domain response by examining
the Fabry-Perot etalon. The signal flow of this device is
modeled using scattering coefficients [11], which provide the
relationships between signals at the input and output ports.
Although the etalon has two input ports and two output ports
(such that a signal can enter or exit the device from materialn1

or n3), initially we are interested in the relationship between
input port 1 and output port 2, as indicated in Figure 2. The
other input and output ports typically involve feedback signals
in a cascade structure, and thus they are not of interest for a
standalone etalon. The scattering coefficient from port 1 to
port 2 is

S21 =
t1t2e

−jβ̃L

1− r1r2e−2jβ̃L
(8)

where{t1, t2} are the transmission coefficients,{r1, r2} are
the reflection coefficients, and

β̃ = β + jβi (9)

is the propagation constant of the material characterized by
the attenuation constantβ and the phase constantβi. The real

Fig. 4. Constrained pole region in thes-plane due to (7) withTs = 40 ps.

part of e−2jβ̃L can be factored out such that

S21 =
t1t2e

βiLe−jβL

1− r1r2e2βiLe−2jβL
, (10)

and sincet21 + r2
1 = t22 + r2

2 = 1, we can write

S21 =

√
1− r2

1

√
1− r2

2e
βiLe−jβL

1− r1r2e2βiLe−2jβL
. (11)

The scattering coefficientS21 describes the relationship
between the input signal and the output signal as a function of
wavelength. When designing a digital filter, we are interested
in the z-domain response. To obtain the proper conversion,
note that the smallest unit of time is the delay of a signal
through the etalon of lengthL. Thus,βL is the fundamental
frequency of the system, so that inz-domain we have the
transfer function

H21(z) =

√
1− r2

1

√
1− r2

2e
βiLz−T

1− r1r2e2βiLz−2T
(12)

where z−T corresponds to the fundamental delay of the
system. For this particular structure, there is a single zero
z1 = 0 and two polesp1,2 = ±√r1r2e

βiL. The Fabry-Perot
etalon is a simple structure that demonstrates how to map
from a scattering coefficient to the transfer function in thez-
domain. The process can be extended to the more complicated
unit cell used in the PIC and derived from a combination of
MMIs, SOAs, and PMs. These elements allow for control of
the pole and zero locations in the PIC, and thus we can design
digital filters that model and govern the behavior of the optical
system.

IV. EXAMPLE RESULTS

The following filter design results were obtained by first
constructing an elliptic filter with six cascaded second-order
sections, and then adjusting the pole magnitudes. The angular
locations of the poles were kept the same while theζ value for
each section was modified to meet the magnitude constraint
to avoid lasing. The zeros were then moved to different
frequencies so that their effect on the rise of the passband



Fig. 5. Digital and analog elliptic filter designs. The dotted lines indicate
the responses for the second-order sections.

Fig. 6. Frequency response of the filter design with a pole magnitude
constraint.

was minimized. Figure 5 shows the original digital and analog
designs; the resulting filter response that meets the0.995
magnitude constraint is provided in Figure 6. Figure 7 shows
the transmission response of the unit cell (similar to that in
Figure 3), and Figure 8 is the corresponding digital filter
frequency response.

V. CONCLUSION

We considered design methods for a reconfigurable optical
filter consisting of unit cells that contain SOAs, MMIs, and
PMs. As demonstrated with the Fabry-Perot etalon, the signal
flow characteristic of a PIC can be mapped to a transfer
function in thez-domain by examining a scattering coefficient.
In order to model and govern the PIC’s operation, we consid-
ered a twelfth-order elliptic bandpass filter with a10 GHz
center frequency, a50 MHz resolution, and a60 dB stopband
attenuation. However, due to the possibility of lasing in the
device, we derived a suboptimal filter from this prototype
design that constrains the pole magnitudes to be< 0.995.
This design that can be physically realized in an optical filter
operating in the10 GHz range without causing lasing.
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The IMD3 of waveguide UTC photodiodes are characterized using a three-tone technique 

that is independent of harmonics from the optical sources. At 1 GHz, an OIP3 of 46.2dBm at 

60mA of photocurrent is measured. 

 
High-performance analog optical links require photodiodes (PDs) that have high power handling capability as well as 
high linearity. Waveguide PDs are of particular interest because they can be monolithically integrated with optical 
modulators and couplers to realize complex receiver functionality [1]. Uni-traveling carrier PDs (UTC-PDs) [2], which 
were designed for high speed and high current operation, have shown very high output saturation and linearity 
characteristics [3, 4]. Recently, we reported on waveguide UTC-PDs with OIP3s in excess of 40dBm for up to 80mA 
of photocurrent, measured at 1GHz [4]. Various techniques have been suggested to characterize the third-order 
intermodulation distortion (IMD3) generated by PDs [5]. Typically, a two-tone setup is used where the outputs of two 
commercial DFB lasers operating at ~1.5μm are externally modulated with optical intensity modulators biased at 
quadrature. The modulated signals are combined and amplified using a fiber amplifier before being coupled into the 
device. One of the drawbacks of this approach is that harmonics from the optical source (i.e. modulators) interact with 
the fundamental signals (at f1 and f2) to generate distortion terms at the IMD3 frequencies (2f2-f1 and 2f1-f2). When the 
distortion of the device under test (DUT) is very low, such as in [4], the nonlinear contributions from the optical 
sources become significant. Consequently distortion characterization is limited by the distortion of the measurement 
system itself. An alternate approach to the two-tone technique is to use three tones to measure IMD3 [5, 7].  In this 
technique the third order non-linear distortion components are independent of the harmonics originating in the optical 
modulators and signal generators. Consequently, the IMD3 measured at these frequency components can be 
attributed to the DUT.  Fig. 1 shows a schematic of the experimental setup.  
 

 
 

Fig. 1. Schematic of 3 tone experimental setup 
 
The output of three CW lasers with differing wavelengths (Δλ ~0.5-7nm) are modulated separately at frequencies 
f1=980MHz, f2=1GHz and f3=1.015GHz. The three optical signals carrying RF modulation are combined and amplified. 
An attenuator is used at the output of the EDFA to control the modulation index of the three tones. A fourth CW laser 
is used to ensure that the optical power and hence, photocurrent in the device remains unchanged as the optical 
modulation index is varied. For this experiment the optical modulation index is varied between approximately 20-30%. 
Additionally, an optical spectrum analyzer (OSA) is used to monitor the spectral content of the optical signal to ensure 
that four-wave mixing does not occur for the high optical powers used in this experiment.  
 
The third order non-linear distortion components are measured at frequencies f3–(f1+f2), f2–(f1+f3) and f1–(f2+f3). As 
outlined in [5] the three-tone IMD3 is 6dB larger than the ideally measured two-tone IMD3 and the three-tone IP3 is 
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3dB smaller than the two-tone IP3. This distinction is more clearly illustrated in Fig. 2a). A factor of 3dB is added to 
the three-tone IP3 to relate this to the more commonly used two-tone IP3. Using this technique we measure the IMD3 
of a UTC-PD that has a 1dB compression current of 80mA [4]. At a photocurrent level of 60mA the device has a two-
tone OIP3 of 46.2dBm as shown in Fig. 2b). 

 
Fig. 2a). Relation between two-tone & three-tone IP3   2b). Three-tone IMD3 measurement at 60mA             

 
In order to verify the measurements we compared results from different devices that were measured using both 
techniques. In Fig. 3 it can be seen that when the distortion of the DUT is comparatively higher (lower IP3), the two 
measurements yield nearly the same result, as for Device 1. However, when the distortion of the PD is very low 
(OIP3 > 40dBm) we observe a significant difference in the measured distortion. It can be concluded that the 
measurements using the two-tone technique are limited by the measurement system when the DUT exhibits very low 
distortion. Therefore alternate techniques such as the three-tone approach are necessary to characterize the 
distortion of highly linear PDs.   
 

 
 

Fig. 3. Results from Two-tone & Three-tone Measurement 
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Abstract: We demonstrate a low power optical interconnect transmitter which employs a 990nm VCSEL with 
high efficiency and low threshold current, and a 130nm CMOS driver.  The power dissipated by the transmitter 
is 15.1 mW at 10 Gbps. 
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1. Introduction 

Requirements for interconnects in computing systems are getting harder to satisfy without employing optical 
technologies, as the performance keeps growing with the evolution of CMOS technologies as well as system 
architectures.  The emphasis of system designs has been shifting toward reducing power consumption from increasing 
performance.  The total system power, including the power required for cooling as well as for computation, is reaching 
to or even exceeding the limit of power supply when the system performance is increased.  One main advantage of 
optical compared to electrical interconnects, in addition to the benefit of long-distance transmission at high data rate 
with optics, is a high data rate density, which provides large bandwidth through a small volume or area.  This results in 
an efficient flow of cooling air through systems as well as tight integration of optical interconnects with electronic 
chips.  As the bandwidth and channel count of interconnects has to be increased for evolving system performance and 
architecture, these benefits of optical interconnects are crucial. 

Reduction of the power consumed by optical interconnects is critical to increase the aggregate interconnect 
bandwidth for further system performance improvement.  Several efforts have been made to realize high data rates 
with low power dissipation, and recent breakthroughs have been made by deploying CMOS technology for high-speed 
laser diode drivers (LDDs) and high-speed transimpedance amplifiers plus limiting amplifiers (TIA/LIAs) [1, 2].  
VCSELs have already demonstrated their inherent advantage of low-power and high-speed operation, suited for light 
sources of optical interconnects, and more emphasis has been placed on design optimization for high-speed operation 
[3].  In this talk, we design and demonstrate a very low power optical interconnect by focusing on reducing the power 
dissipation of the whole optical link, instead of decreasing the power consumed by each component individually.  
More specifically, we focus on the design of optical transmitters, which consist of the VCSELs and LDDs, to realize 
high optical modulation amplitude (OMA) with small modulation current, enabling reductions of the power dissipated 
by the LDD and TIA/LIA.  The low power design presented in this talk can be also applied to any short-reach datacom 
and telecom transmitters based on VCSELs. 

2. Low power optical interconnect design 

An optical interconnect, shown in Fig. 1, has to be designed to meet the requirements of input and output electrical 
signals, such as a voltage amplitude and data rate.  The VCSEL drive current and the optical link budget, however, 
have more freedom to be designed as long as error-free transmission is achieved and the swing voltage requirements 
are met.  One approach to minimize the total power dissipation of an optical interconnect is to decrease the VCSEL 
modulation current, while simultaneously increasing the transmitted OMA.  The reduced modulation current lowers 
the power dissipated by the LDD both in the pre-driver and output stages.  Increased OMA further enables a reduction 
in the TIA/LIA power consumption due to lower required gain.  Increasing the differential quantum efficiency (DQE) 
of a VCSEL provides larger OMA with smaller modulation current.  One way to increase the DQE of a VCSEL is to 
decrease its internal loss, which also reduces its threshold material gain.  The reduced threshold gain results in 
decreased power dissipation in the LDD output stage due to lowered bias current while supporting high-speed 
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operation and enough optical average power.  The DQE of a VCSEL can also be increased by decreasing the 
reflectivity of the output mirror, but at the expense of increased bias current. 

Driver

VCSEL PD

TIA/LIA

Optical Fiber

VIN VOUT

OMAIN OMAOUT
Driver

VCSEL PD

TIA/LIA

Optical Fiber

VIN VOUT

OMAIN OMAOUT
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Optical Fiber

VIN VOUT

OMAIN OMAOUT  

Fig.1. Optical interconnect diagram. 

3. Results 

One of the authors’ group has demonstrated high-efficiency and high-speed 990nm VCSELs [4].  The low internal 
loss attributed to a short tapered oxide aperture brings both high DQE and high modulation efficiency.  The VCSELs 
were characterized at room temperature before building a transmitter module as shown in Fig. 2.  The detailed 
performance of the VCSELs has been already described in [4].  Some key characteristics for a 6μm-aperture device 
are the DQE at a bias current of 2.0 mA = 56 %, the threshold current = 0.35 mA, the threshold current density = 1.2 
kA/cm2, the series resistance at 2.0 mA = 150 Ω, and the 3dB modulation bandwidth at 2.0 mA = 11.5 GHz.  The 
measured emission wavelength was 987 nm. 
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Fig.2. (a) DC LIV characteristics, and (b) small-signal frequency response of 990nm, 6-μm aperture, bottom emitting VCSEL. 

A transmitter module was built with a LDD fabricated in the IBM CMOS8RF technology (130 nm) and a 
6μm-aperture VCSEL, both mounted on a test card.  The VCSEL is backside emitting, so the card was modified by 
drilling a 1mm-diameter hole.  The light coming out of the VCSEL through the hole was collected with a lensed 
multimode fiber.  High-speed electrical signals were fed into the LDD using a Cascade GSSG air-coplanar probe.  RF 
electrical signals were generated by an SHF 40 G/s pattern generator, while optical signals were detected by a 17-GHz 
bandwidth Newport photodiode and characterized with a Tektronics digital signal analyzer. 

Optical eye diagrams were taken with various operational conditions of the transmitter.  Fig. 3(a) was taken at 10 
Gbps with supply voltages of the LDD pre-amplifier and output stage of 1.2 V and 2.4 V, respectively.  The OMA was 
-0.8 dBm, and the extinction ratio was 4.0 dB.  Such large OMA decreases the required receiver gain, which likely 
translates into a reduction of receiver power dissipation.  The light was obtained through 500μm-thick substrate, and 
the OMA can be larger if the VCSEL is top emitting.  For the 10Gb Ethernet eye mask, no mask hits were detected 
with +15% margin for 27 -1 PRBS over 100 waveforms.  The measured current of the pre-amplifier and the output 
stages was 4.0 mA and 4.3 mA, respectively, meaning the total power dissipation of the transmitter was 15.1 mW, or 
1.5 mW/Gbps at 10 Gbps.  This is the lowest power dissipation for a 10-Gb/s-class optical transmitter ever reported [2].  
The LDD utilized in this experiment was not specifically designed for such low modulation and bias currents, and 
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therefore may be optimized in future LDD designs for further power reduction.  Further power reduction is expected 
by employing 90nm CMOS technology instead of 130nm to achieve higher speed and lower power.   

The optical eye diagram was measured also for a transmitter with a 4μm-aperture device and the same CMOS 
LDD.  Fig. 3(b) is the eye diagram at 15 Gbps, and at this rate, the total power consumption is 13.6 mW, or 0.9 
mW/Gbps, with an OMA of -1.6 dBm.  Although the observed eye diagram is relatively noisy, which may be 
attributed to modal noise, this result indicates the potential of optical interconnect transmitters operating beyond 10 
Gbps and dissipating power less than 1.0 mW/Gbps. 

           

(a) 10Gbps eye diagram with 6μm VCSEL   (b) 15Gbps eye diagram with 4μm VCSEL 
Fig.3. Measured optical eye diagrams of transmitters with two sizes of VCSELs and the same CMOS LDD with bias conditions optimized for low 
power dissipation.  (a) is with 10Gb Ethernet mask with +15% margin. 

4. Conclusion 

We have demonstrated a low power optical interconnect transmitter exploiting a high-efficiency VCSEL and a CMOS 
LDD.  In this experiment, a 990nm VCSEL with a DQE of 56% is employed, and operation at 10 Gbps with an OMA 
of -0.8 dBm was demonstrated at a record-low power dissipation of 15.1 mW, or 1.5 mW/Gbps.  The transmitter also 
indicated the potential of the 15Gbps operation at a power dissipation of 0.9 mW/Gbps.  The low power optical 
interconnect design approach discussed in this paper can be applied to any level of optical interconnects, such as 
discrete optical transceiver modules or waveguide-based optical interconnects on printed circuit boards [5, 6], and it 
will accelerate the deployment of optical interconnects into high-performance computing systems.  The low power 
design presented in this talk also enables the power reduction of VCSEL-based optical transmitters for short-reach 
datacom and telecom. 

This work was partially supported by NEDO under Optical waveguide technology for low-power ultra-high-speed 
interconnect project, and DARPA under contract MDA972-03-3-0004. 

5. References 

[1] C. Schow, F. Doany, O. Liboiron-Ladouceur, C. Baks, D. Kuchta, L. Schares, R. John, and J. Kash, “160-Gb/s, 16-channel full-duplex, 
single-chip CMOS optical transceiver,” in Tech. Dig. Optical Fiber Communication Conf., Anaheim, CA, March 2007. 

[2] C. Kroemer, G. Sialm, C. Berger, T. Morf, M. L. Schmatz, F. Ellinger, D. Erni, G.-L. Bona, and H. Jackel, “A 100-mW 4 x 10 Gb/s transceiver 
in 80-nm CMOS for high-density optical interconnects,” IEEE J. Solid-State Circuits, 40, pp. 2667-2679, 2005. 

[3] N. Suzuki, H. Katakeyama, K. Fukatsu, T. Anan, K. Yashiki, and M. Tsuji, “25-Gbps operation of 1.1-mm-range InGaAs VCSELs for 
high-speed optical interconnects,” in Tech. Dig. Optical Fiber Communication Conf., Anaheim, CA, March 2006. 

[4] Y.-C. Chang, C. S. Wang, and L. A. Coldren, “High-efficiency, high-speed VCSELs with 35 Gbit/s error-free operation,” Electron. Lett., 43, pp. 
1022-1023, 2007. 

[5] F. E. Doany, “160-Gb/s, bidirectional parallel optical transceiver module for board-level interconnects using a single-chip CMOS IC,” in Proc. 
57th Electron. Comp. and Technol. Conf., Reno, NV, May 2007. 

[6] S. Nakagawa, Y. Taira, H. Numata, K. Kobayashi, K. Terada, Y. Tsukada, “High-density optical interconnect exploiting build-up 
waveguide-on-SLC board,” submitted to 58th Electron. Comp. and Technol. Conf., Lake Buena Vista, FL, May 2008. 

       a1212_1.pdf  
 

       OThS3.pdf  
 

OFC/NFOEC 2008



 pad metal p-contact

n-contact
active region

AR coating semi-insulating GaAs substrate

oxide aperture
deep oxidation layers

BCB

 

0

25

50

75

100

0 1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
 Voltage
 Output power
 Temperature rise

Current (mA)

V
ol

ta
ge

 (V
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

O
utput pow

er (m
W

)

Te
m

pe
ra

tu
re

 ri
se

 (o C
)

 

Small Optical Sources with Improved Speed/Power Dissipation 
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coldren@ece.ucsb.edu 

  
 

For optical interconnects it is desirable to maximize the date rate for a given power dissipation.  In 
our recent work we have managed to obtain a record data-rate/power dissipation value of 3.5 Gps/mW 
in a novel VCSEL that was transmitting 35 Gps data at an optical power level of 2.5 mW .  At somewhat 
lower powers a bandwidth/√¯current of 17 GHz/mA1/2 was also found.  These results were obtained by 
engineering the VCSEL cavity to have low optical loss, low parasitics, and a small volume.  This involved 
the use of optimized tapered oxide apertures, additional deep oxidation layers, and carefully engineered 
compositions and dopings in the mirrors.   This talk will discuss the design principles involved.   

In the past several years, vertical-cavity surface-emitting lasers (VCSELs) have received renewed 
interest for their potential applications in optical interconnects. Compared with edge emitters, VCSELs 
are preferable due to their small footprint, ease of fabrication in arrays, on-wafer testing, high-speed 
operation at lower power dissipation, and cost effectiveness.     

Figure 1 illustrates some of our results for a device with a 3µm aperture.  Details of the device 
structure and fabrication can be found in refs. [1, 2]. The design of the structure involves many trade-
offs, including electrical resistance vs.optical absorption loss and mode confinement vs. optical scattering 
loss.   A new blunter taper was used compared to our prior work[3]. The voltage, output power, and 
temperature rise against current (L-I-V-T) curves show a very low threshold current of 0.144 mA and a 
high slope efficiency of 0.67 W/A. This low threshold as well as high efficiency indicates that our short 
tapered oxide aperture does not introduce excess optical loss even down to 3 µm diameter range.  
However, it does result in a modal volume reduction factor of 1.73, corresponding to a 31% increase in 
intrinsic bandwidth.  The bit-error-rate curve at 35 Gb/s was taken with a non-retrun-to-zero signal 
having a 27-1 word length. The bias current was 4.4 mA and the RF voltage swing was ~0.84 Vp-p. The 
inset shows the optical eye diagram and the eye is clearly open with an extinction ratio of 5.4 dB, despite 
a relatively low 25 GHz bandwidth reciever that limited the measurement.  The VCSEL power 
dissipation, excluding the RF circuitry, is only 10 mW. This corresponds to the highest data-rate/power-
dissipation ratio of 3.5 Gbps/mW.  

 
[1] Y.-C. Chang, C.S. Wang and L.A. Coldren: “High-efficiency, high-speed VCSELs with 35 Gbit/s error-free operation,” 

Electron. Lett., 43 (9)  pp. 1022–1023, 2007. 
[2] Y.-C. Chang, C.S. Wang, L.A. Coldren: “Small-dimension power-efficient high-speed vertical-cavity surface-emitting lasers,” 

Electron. Lett., 43 (7)  pp.  396–397, 2007. 
[3] E.R. Hegblom, D.I. Babic, B.J. Hibeault, and L.A.Coldren: “Scattering losses from dielectric apertures in vertical-cavity 

lasers,” IEEE J. Sel. Topics Quantum Electron., 3, pp. 379–389, 1997. 
 

 

 
 

Figure 1:  Tapered-oxide-aperture VCSEL and results. 
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Finally the silicon folks might actually need us. The 
copper interconnects that they are using are running 
out of steam, and this is starting to obstruct their 
advances in interchip communication. It’s a weak-
ness that’s even threatening to bump Moore’s law off 
course because the electrical input and output func-
tions needed in tomorrow’s state-of-the-art micro-
processors will dissipate more power and demand a 
greater share of a chip’s real estate. Even today data 
transfer is a complicated task. Loss, dispersion and 
cross-talk have to be addressed with predistortion 
and sophisticated pulse recovery techniques in the 
transmit and receive stages, respectively.

Against this background of increasing com-
plexity, optical interconnection schemes look like 
a good bet for the future. This technology offers 
several key advantages over copper, such as lower 
signal delay, higher bandwidth, reduced power con-
sumption and freedom from electromagnetic inter-
ference. In addition, it has the potential to deliver 
intrachip communication.

However, optical interconnects will only offer 
a practical solution if improvements are made to 
devices and interface systems. Copper is a viable 
solution at speeds of up to 10 Gbit/s, so data rates 
must be at least 20 Gbit/s for optoelectronics to be 
considered an option. Low power consumption is 
another prerequisite, alongside the ability to be 
integrated with silicon electronics. But there is no 
point in trying to meet any of these goals unless the 
emitters and detectors can be manufactured in large 
volumes with high yields.

At the University of California, Santa Barbara 
(UCSB), we are working on a device that could be 
the key component in chip-to-chip optical intercon-
nects – a miniature, high-speed, efficient VCSEL. 
It has evolved out of our part of the US Defense 
Advanced Research Projects Agency’s chip-to-chip 
optical interconnects program, which also supports 
IBM’s “Terabus” project. It aims to demonstrate 
complete optical links between chips using poly-
mer waveguides (figure 1). It’s a technology that’s 
competing with silicon photonics, but which offers 
lower power dissipation – the primary limiter for 

continued scaling of processor speed.
There are several benefits that VCSELs offer over 

their edge-emitting cousins for optical interconnect 
applications: they are smaller; they are easier to fab-
ricate in arrays; they support on-wafer testing; they 
offer high-speed operation at lower power consump-
tion; and they are cheaper. However, many of the 
VCSELs that have been designed for optical inter-
connects have large diameter apertures – typically 

The copper interconnects that route chip-to-chip data transfer are starting to reach their speed limit. 
But this looming bottleneck can be overcome by switching to ultra-fast VCSELs with tiny threshold 
currents, say Yu-Chia Chang and Larry Coldren from the University of California, Santa Barbara.

Ultra-fast VCSELs promise to 
turbocharge chip communication

transmitter array

clock

receiver array

drivers decision circuits

Si-IC Si-IC

n-pad metal

oxide aperture

n-contact

p-contact

deep oxidation
layers

p-pad metal

BCB

active region

semi-insulating GaAs substrate
AR coating

Fig. 1. (top) UCSB’s VCSEL could be used to form an array of transmitters that provide chip-to-
chip interconnects. Fig. 2. (bottom) The UCSB InGaAs/GaAs quantum-well design features a 
blunter tapered aperture that enables very high modulation speeds at acceptable optical losses. 
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5–8 µm – that drive up the bias  current required for 
a high modulation bandwidth. We avoid this pitfall 
by scaling down the VCSEL size. Although this 
leads to a power drop of 50%, it cuts power dissipa-
tion and increases the bandwidth, while maintain-
ing acceptable optical losses.

The devices that we have made are 980 nm 
 bottom-emitting VCSELs with a tapered oxide aper-
ture and a contact inserted within the n-type cavity 
(figure 2, p29). The standard emission wavelength 
of 850 nm was not selected because the strained 
InGaAs/GaAs quantum wells (QWs) that produce 
980 nm emission deliver a higher intrinsic modula-
tion bandwidth thanks to higher gain at lower car-
rier densities. Some studies suggest that InGaAs 
QW-lasers are more reliable. But more importantly, 
this particular design is compatible with bottom-
emission thanks to GaAs’ transparency at 980 nm.

Bottom emission means that flip-chip bonding 
can be used to integrate our VCSELs with elec-
tronics. This eliminates wire bond inductance and 
the need for wire bonding. Backside microlenses 
can be added to collimate the output beam, which 
improves alignment tolerance and cuts packaging 
costs. This combination of advantages should equip 
our devices with the compatibility required for 
advanced computer and processor interconnection 
architectures and other datacom applications.

Our VCSEL’s key feature compared with prior art 
is a blunter tapered aperture and a larger oxide thick-
ness next to the active region (figure 3). This provides 
a high degree of optical confinement and enables 
our laser to combine high speeds with acceptable 
optical losses. Employing a longer tapered section 
would reduce optical losses even further, but this 
results in larger mode volumes with an unacceptable 
penalty of much slower modulation speeds.

The parasitic capacitance of a relatively thin oxide 
aperture can restrict the modulation bandwidth of 
oxide-confined VCSELs. The capacitance is often 
reduced by proton implantation, which creates a 
thick, highly resistive region. However, this highly 
effective method requires additional process steps 
that threaten reliability, and increase fabrication 
costs and parasitic resistance.

We get around this problem by creating additional 
deep oxidation layers above the confining aperture, 
which lower the parasitic capacitance. By increas-
ing the aluminum fraction of the AlGaAs layers in 

the first several periods of the top distributed Bragg 
reflector, we can simultaneously form deep oxida-
tion layers along with the oxide aperture.

It is easy to incorporate this simple approach into 
oxide-confined VCSELs with semiconductor mir-
rors. No modifications to the fabrication techniques 
are required, and it increases the refractive index 
contrast in the unoxidized region where optical 
modes exist, thanks to the layers with higher alu-
minum content. This means that mode volume is 
cut because the longitudinal mode is more confined. 
On top of this, reductions in parasitic resistance are 
delivered with minimal impact to optical loss, thanks 
to high-quality engineering of the band-structure 
and the p-doping profiles in the top mirror.

Our approach to VCSEL fabrication is compatible 
with existing manufacturing processes and begins 
with MBE growth of the epitaxial structure on 
semi-insulating (100) GaAs substrates (see figure 4 
for an overview). Etching creates cylindrical mesas 
that expose the n-GaAs contact layer, before wet 
oxidation forms oxide apertures and deep oxidation 
layers. Metal evaporation adds the p-type Ti/Pt/Au 
and n-type Au/Ge/Ni/Au contacts.

Pad capacitance is reduced by removing the 
part of the n-GaAs contact layer (RF-ground) 
that lies beneath the p-pad metal (RF-signal). The 
low dielectric constant resin benzocyclobutene 
is inserted in its place before vias are opened to 
expose the contacts and Ti/Au is deposited for the 
pad metals. Finally, an anti-reflection coating is 

“This device’s 
bandwidth 
makes it the 
fastest ever 
980 nm VCSEL.”

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3. (right) This cross-
sectional scanning electron 
image reveals key features in 
the UCSB VCSEL – five deep 
oxidation layers and a tapered 
oxide aperture. Fig. 4. (far 
right) UCSB’s high-speed 
VCSELs are fabricated with the 
following process steps:  
(a) mesa etch, (b) oxidation, 
(c) n-metal deposition,  
(d) p-metal deposition,  
(e) n-contact removal,  
(f) patterning with a low-
dielectric resin, (g) pad metal 
deposition, and (h) adding an 
anti-reflection coating.

blunt-tapered section
1 µm
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applied to reduce backside reflection.
We have produced 3 µm diameter aperture 

VCSELs with this process. These emitters have a 
slope efficiency of 0.67 W/A, which corresponds 
to a differential quantum efficiency of 54% (fig-
ure 5). Threshold current is just 0.144 mA, which is 
comparatively low for high-speed VCSELs as they 
usually have threshold currents of at least 0.4 mA. 
Peak wall-plug efficiency is 31%, maximum output 
power is 3.1 mW and the threshold voltage is just 
1.47 V – very low for such a small device as it is only 
220 meV larger than the photon energy.

Small-signal modulation measurements on our 
3 µm aperture emitter revealed that it could respond 
to frequencies beyond 20 GHz, the upper detection 
limit for our instrument (figure 4). This device’s 
bandwidth clearly exceeds that frequency, which 
makes it the fastest ever 980 nm VCSEL.

We evaluated this device’s suitability for real-
world systems with large-signal digital modula-
tion experiments. At 20 ºC and a modulation rate 
of 35 Gbit/s, our 3 µm diameter device produced bit 
error rates as low as 10–11 over a couple of meters 
of fiber, which demonstrates that it is suitable for 
high-quality interchip communication. The VCSEL 

power dissipation, excluding RF circuitry, is only 
10 mW, which corresponds to the highest data rate/
power-dissipation ratio that has ever been obtained 
for any type of laser source.

We are now targeting data rates of 40 Gbit/s, 
which can be reached by simply extending our 
existing techniques. However, we are also engaged 
in another project that has the potential to get us to 
the 100 Gbit/s range with a single channel. If such 
high speeds could be achieved, then this will further 
enhance the attractiveness of employing VCSELs 
for chip-to-chip interconnects.� l

Further reading
T Anan 2007 Proc. International Symposium on 
VCSELs and Integrated Photonics E3.
Y-C Chang et al. 2006 Electron. Lett. 42 1281.
Y-C Chang et al. 2007 Electron. Lett. 43 1022.
E Hegblom et al. 1997 IEEE J. Select. Topics 
Quantum Electron. 3 379.
A A L-Omari et al. 2004 IEEE Photon. Technol. 
Lett. 16 969.
L Schares et al. 2006 IEEE J. Sel. Topics Quantum 
Electron. 12 1032.
E Strzelecka et al. 1995 Electron. Lett. 31 724.
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Fig. 5. (top left) UCSB’s 3 µm diameter aperture VCSELs deliver up to 3 mW at 
20 °C. This laser has a series resistance of approximately 250 Ω at 4.4 mA bias 
current, the conditions that are used for the large signal experiments. Thermal 
impedance is 3.3 °C/mW and the temperature rise is 33 °C at this current, but 
improvements may be possible through refinements in the design of the VCSELs. 
Fig. 6. (top right) Adjustments in bias current from 0.35–4.4 mA alter the 
modulation speed of the 3 µm diameter device, which is highest at 4.4 mA. At this 
bias the modulation exceeds 20 GHz, which is a record for 980 nm VCSELs. 
Fig. 7. (left) Bit error rates (BERs) were measured for UCSB’s 35 Gbit/s, 3 µm 
diameter device at 20 °C. This VCSEL was biased at 4.4 mA and a peak-to-peak 
voltage swing of 0.84 V was used. The input was a non-return-to-zero signal with 
27–1 word length. Eye diagrams are shown in the inset figure, which reveal that 
the eye is clearly open. The extinction ratio is 5.4 dB. In the BER curve, a variable 
optical attenuator (VOA) was used to take all but the lowest data point. Poor 
detector responsivity and a 3 dB insertion loss of the VOA prevented the 
measurement of BERs between 10–4 and 10–7. To ensure measurement accuracy, 
the lowest data point was gated for 30 minutes with a total of 583 errors. 
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Abstract—The optimization of our tapered-oxide-apertured
VCSEL structure for high-speed operation is presented. Using
a new aperture design and p-doping recipe in the top mirror,
bandwidths > 20 GHz and 35 Gb/s error-free operation has
been demonstrated.

I. INTRODUCTION

In the past several years, vertical-cavity surface-emitting
lasers (VCSELs) have received renewed interest for their
potential applications in optical interconnects. Compared with
edge emitters, VCSELs are preferable due to their small
footprint, ease of fabrication in arrays, on-wafer testing, high-
speed operation at lower power dissipation, and cost effec-
tiveness. Last year, we first demonstrated 35 Gb/s error-free
operation on 3 µm diameter high-speed VCSELs [1]. This
achievement was enabled by the optimization of several key
components of our VCSEL structure, especially tapered oxide
aperture and p-doping in the top mirror, in order to minimize
cavity loss and mode volume.

II. DEVICE DESIGN

We use n-intracavity, bottom-emitting, tapered-oxide-aper-
tured VCSEL structure emitting at 980 nm wavelength. Details
of the device structure and fabrication can be found in [1],
[2]. The design of the structure involves many trade-offs and
one of them is the electrical resistance and optical loss by
doping concentration. Bandgap-engineering is commonly used
to simultaneously achieve low resistance and low loss. Due
to higher free carrier absorption loss and lower mobility of
holes, we mainly focused on the optimization of the p-mirror.
Fig. 1(a) plots the average doping concentration for each DBR
period. Three different doping levels are used to approximate
the calculated ideal doping profile. The doping is the lowest
near the active region for low optical loss and increases as
moving towards the top contact layer. Fig. 1(b) shows the low-
doped DBR design within the period. At the standing-wave
peaks, bi-parabolic grade and modulation doping is used to
flatten the valence band [3]. On the other hand, uni-parabolic
scheme is used at the standing-wave nulls so that holes are
accumulated at the interfaces to reduce the resistance without
adding extra losses [4].

Another trade-off is the mode confinement and optical
scattering loss by aperture design. Fig. 2(a) shows two tapered
oxide aperture designs. The top one is our original design
which yields negligible optical scattering loss down to 1.5
µm diameter devices. However, it does not provide enough

0 5 10 15 20 25 30
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 Ideal doping
 Designed doping
 Field2

Number of periods into DBR

D
op

in
g 

(1
018

 c
m

-3
)

0.0

0.2

0.4

0.6

0.8

1.0

N
orm

alized field
2

(a) Average doping profile

0 50 100 150 200

0.0

0.2

0.4

0.6

0.8

1.0

 Distance ( m)

A
lu

m
in

um
 fr

ac
tio

n

-1

0

1

2

3

4

5
Null

N
a-N

d (10
18 cm

-3)

Peak 

GaAs GaAs

93% AlGaAs

(b) Doping/grading within one period

Fig. 1: Optimization of the doping in the p-mirror.

mode confinement for efficiently achieving high bandwidth.
To optimize the aperture design, we simulated round-trip
scattering loss and effective mode radius as a function of the
taper length for a λ/2 thick aperture based on the model in [5].
The results are plotted in Fig. 2(b). Taper length of 4 µm
was chosen and the final design is shown in the bottom of
Fig. 2(a). Compared with our original design for 3 µm diameter
devices, the effective mode radii reduced from 2.64 to 2.01 µm,
corresponding to a 1.73 time mode volume reduction, which
should give a 31% increase in relaxation resonance frequency
and bandwidth. At the same time, the optical scattering loss
does not increase noticeably.

III. RESULTS

Fig. 3 shows the voltage, output power, and temperature rise
against current (L-I-V-T) curves for a 3 µm diameter device.
The device has a very low threshold current of 0.144 mA
and a high slope efficiency of 0.67 W/A. This low threshold
as well as high efficiency indicates that our short tapered
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Fig. 3: L-I-V-T curves for 3 µm diameter device.

oxide aperture indeed does not introduce excess optical loss
even down to 3 µm diameter range. The threshold voltage is
only 1.47 V, 220 meV larger than the photon energy. This
low threshold voltage is the consequence of the optimized
p-doping scheme and the low threshold current. The series
resistance is approximately 250 Ω at a bias current of 4.4 mA,
where large-signal modulation experiments were performed.
The peak wall-plug efficiency is 31% and the maximum output
power is 3.1 mW. The thermal impedance of the devices is
3.3°C/mW.

Fig. 4(a) plots the 3-dB frequency versus (I − Ith)1/2. A
bandwidth exceeding 20 GHz is achieved at bias currents
> 2 mA. This is the highest bandwidth for 980 nm VCSELs.
The modulation current efficiency factor (MCEF) of this
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Fig. 4: High-speed performance for 3 µm diameter device.

device is 16.7 GHz/mA1/2, very close to the highest 16.8
GHz/mA1/2 for QW-based VCSELs [6]. This high MCEF is
the consequence of better lateral mode confinement from our
short tapered oxide aperture. Fig. 4(b) plots the bit-error-rate
curve at 35 Gb/s for a 3 µm diameter device [1]. The input was
a non-retrun-to-zero signal with 27-1 word length. The bias
current was 4.4 mA and the RF voltage swing was ∼ 0.84 Vp-p.
The inset shows the optical eye diagram and the eye is clearly
open with an extinction ratio of 5.4 dB. The VCSEL power
dissipation, excluding the RF circuitry, is only 10 mW. This
corresponds to the highest data-rate/power-dissipation ratio of
3.5 Gbps/mW.

IV. CONCLUSION

By carefully designing the p-doping profile in the top
mirror as well as the shape of the tapered oxide aperture,
we demonstrate an improvement in our VCSELs’ high-speed
performance without compromising the static performance.
Modulation bandwidth exceeding 20 GHz at bias currents >
2 mA has been achieved. Moreover, data rate up to 35 Gb/s
is demonstrated for only 10 mW power dissipation.
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 Recent years have shown tremendous progress in the fabrication of single 
photon sources (SPS) based on quantum dots (QDs) embedded in semiconductor micro 
and nanocavities which are of interest for applications in quantum information science [1]. 
 Here we will review our recent work on high-frequency single photon sources 
operating at single photon emission rates above 100MHz. To effectively harvest the 
radiative recombination of QD excitons and to overcome the total internal reflection 
losses of high index semiconductor materials the emission can be coupled into a cavity 
mode. We have characterized the single photon emission of individual QDs from two 
types of cavities: Photonic crystal nanocavities with quality factors up to 18000 [2] and 
oxide apertured microcavities with quality factors up to 50000 [3,4]. Comparing the 
emission of QDs inside the cavity region with those in the unprocessed areas we find 
typical geometrical enhancement factors of 12-fold for photonic crystals and 45-fold for 
apertured microcavities. Measured values of the zero delay time peak are of the second-
order correlation function are typically 3-7% at low pump powers. The comparison has 
been made for QDs with measured radiative lifetimes of about 1 ns, i.e. for those QDs 
which do not show a Purcell effect due to spatial and/or spectral mismatch between 
emitter and mode. Characterizing hundreds of devices and tuning mode and emitter into 
spectral resonance we typically do not find a Purcell enhancement for the photonic 
crystals due to the extremely small spatial mode extend and low areal density of QDs 
leading to a radiative lifetimes which is often inhibited up to an order of magnitude [2,5]. 
In contrast, about half of the fabricated oxide apertured microcavites devices display a 3-
fold spontaneous emission enhancement [4-6] with best values up to a Purcell-factor of 
six [5]. From a technological point of view the oxide-tapered microcavities are preferred 
since they display larger geometrical enhancement factors, are mechanically rugged, 
can be easily coupled to an optical fiber, and provide an additional Purcell enhancement 
without the need for a sophisticated nanofabrication technique to actively match the 
mode and emitter spatial resonance condition. 
 In general, random carrier capture can lead to the occupation of bright and dark 
neutral exciton states within the QD. Formation of a dark state limits the ability of a SPS 
to emit single photons at higher repetition rates. In fact, while QD lifetimes down to about 
50 ps have been measured and SPS have been triggered with GHz repetition rates, 
measured single photon count rates are typically limited to the kHz regime. We have 
recently demonstrated that utilization of negatively charged excitons can further improve 
the performance of SPS since formation of dark states will be suppressed to some 
degree. To this end we have developed a novel trench design allowing to introduce 
oxide tapered apertures as well as an electrical gate in close proximity to the active QD 
layer within a microcavity structure [6]. Applying a bias voltage to the back gate 
increases the QD emission by a factor of five. Utilizing negatively instead of neutral 
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excitons improved the single photon count rate by another factor of three. In culmination, 
these effects contribute to a measured record high rate of single photons on demand up 
to 31 MHz, and promise rates above 116 MHz as probed by cw experiments [6]. We 
have furthermore achieved an on-chip voltage-control of the spectral resonance 
condition between mode and emitter as well as an on-chip control of the emitted linear 
polarization state of the single photons.  
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