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Introduction: 
 
This is the 2009 edition of articles published by Professor Coldren’s group at UC-Santa 
Barbara.  It contains journal and conference publications in which Prof. Coldren was 
named a co-author.  The majority of these works have originated from proposals 
generated within Coldren’s group, but a few are due to efforts that originated elsewhere 
and were supported by Coldren and his group members.  As in recent years the work has 
a focus on III-V compound semiconductor materials as well as the design and creation of 
photonic devices using these materials—mostly diode lasers and photonic integrated 
circuits (PICs).  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.  The vast majority 
of the work is in the first area, which has been further subdivided into A. PIC Technology 
and Transmitters; B. Wavelength Converters, Routing, and Packet Switching; C. RF-
Photonics and Analog PICs; D. Ring-Resonator-Based Filters and Logic Elements; and 
E. Optical-Phase-Locked-Loop 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; a project on programmable 
optical filters supported by the DARPA-PhASER program, and an ONR sponsored 
program supporting ring-resonator-based digital optical processing.   
 
The first group of reprints (IA.) summarizes our work on photonic IC technology in a 
number of overview talks as well as a couple focused more on an extension of our 
continuing transmitter PIC efforts centered around the widely-tunable Sampled-Grating 
Distributed-Bragg-Reflector (SG-DBR) Laser. This group consists of five conference 
papers, including one for a Plenary talk and two others for invited talks at major 
international venues.    
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The Second group of papers (IB.) contains six items that discuss our work on extending 
the widely-tunable transmitter technology to single-chip transceivers or wavelength 
converters, and then to arrays of these included in larger-scale photonic routing and 
switching chips.   
 
Figure 1 illustrates the first monolithic tunable optical router (MOTOR) chip that consists 
of an array of eight widely-tunable wavelength converters connected to an arrayed-
waveguide-grating-router (AWGR), which translates the converted wavelength at some 
input port to a different output port, much like a prism.  Thus, by switching the 
wavelength of the incoming data in the 8 wavelength conversion stages an 8 x 8 space 
switch results, and this is achieved in an overall device footprint of 14.5 mm x 4.25 mm. 
This work was carried out in close collaboration with Prof. Blumenthal’s group.  
 

 
    (a)      (b) 
     

 
 
 
 
 
 

 
   (a)              (b) 

Figure 1.  (a) Schematic overview of MOTOR architecture; (b) Photograph of fabricated device. 
  
Work on the RF-Photonics and Analog PICs (IC.) continues to be a major thrust in Prof 
Coldren’s group in 2009 with most of the publications from the work on integrated 
coherent receivers for phase modulated signals using optical feedback to tracking 
modulators.  These consist of a PIC that incorporates a pair of differentially-driven 
tracking modulators, a 3 dB coupler, and a differential detector pair together with a 
negative feedback path from the detectors back to the modulators, which may or may not 
include electronic amplification.  The idea is to drive the detector output, whose 
amplitude is proportional to the phase difference between the LO and the input following 
the tracking modulators, to near zero, and then use the feedback signal required to do this 
as a measure of the magnitude of the phase difference existing before the tracking 
modulators.   Figure 2 shows a schematic of the ‘all-optical’ receiver version in which no 
electronics is used in the feedback path.   
 
 
 
 
 
 
 
 
Figure 2.  ‘All-optical’ coherent receiver for phase modulated signals.  (No EIC in feedback path)   
 
In 2009 the work shifted to using an etched trench for the 3 dB coupler to minimize its 
size, and flip-chip bonded electronics, both to minimize feedback delay.  The papers in 
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this Section I.C culminate with copies of slides presented at an invited panel presentation, 
and these summarize much of the work presented in the other papers, as well as overview 
that in Prof. Coldren’s group.  Figure 3 shows a frustrated total internal reflection (FTIR) 
trench coupler receiver configuration together with a schematic of the flip-chipping 
concept.  Again, the idea behind both is to minimize feedback delay 
 
 
 
 
 
 
 
 
 
Figure 3.  FTIR Trench coupler PIC configuration and flip-chipping concept. 
 
Lasers and filters often use gratings for mirrors to form cavities, but it is also possible to 
use ring-resonator cavities.  Prof. Coldren’s group is involved in two programs that use 
this approach, and this is the subject of the three papers in Section I.D.  The first program 
aims to make programmable lattice filters by coupling together a number of ring-
resonator stages, which provide poles and zeros as infinite impulse response (IIR) stages, 
together with interferometer stages, which only provide zeros as finite impulse response 
(FIR) stages.  A proposed lattice filter is shown in Fig. 4(a), and SEMs of the realized 
filter along with insets of the waveguide coupler and crossection are shown in Figs. (b) 
and (c), respectively.   
 
 
 
  
                    (a)  
 
 
 
 
 
 
 
 
(b)                                                                                           (c)    
 
 
 
 
 
 

Figure 4.  (a) Ring-resonator-based lattice filter and unit cell; (b) topview of fabricated filter unit cell 
together with blow-up of directional coupler; (c) deeply-etched waveguide crossection. 
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Figure 5 illustrates pole and zero responses together with a combined pole and zero from 
the single unit cell depicted in Fig. 4(b).   
 
 
 
 
 
 
 
 
 
 

 

 
            (a)    (b)         (c) 
Figure 5. (a),(b) Isolated pole and zero responses tuned in amplitude by varying bias on feed-forward SOA 
and ring SOA respectively, the ring phase modulator is used to fix the filter in frequency. (c) Zero and pole 
are utilized simultaneously to enhance extinction ratio. 
 
Triggerable bistable ring lasing operation has been demonstrated in the second project 
aimed at digital logic applications including fast A/D conversion.  One paper documents 
that either a clockwise or counter-clockwise lasing mode can be triggered by varying the 
wavelength of a light pulse injected into the same end of the waveguide coupled to the 
resonator.  Figure 6 summarizes that result.  Injected light was -35dB below ring laser 
power; side-mode suppression of ring laser ~25 dB; extinction of unwanted (CW or 
CCW) mode ~18 dB. 
 
 
 
 
 
 
 
 
 
 
                      (a)                                                   (b)                                                            (c) 
Figure 6.  (a) Schematic of PIC; (b) photo; (c) outputs from detectors on coupling waveguide.   
 
 
The work on Optical-Phase-Locked-Loops (OPLLs), in Section I.E, demonstrated the 
first integration of all of the photonic components necessary to phase lock two lasers 
together on one chip.  This is the precursor to many future efforts in Prof. Coldren’s 
group on optical transmitters and receivers using OPLLs.  Figure 7 summarizes the initial 
work with schematics of the PIC and the circuit, an SEM of the PIC, and two 
experimental results.  The first experiment illustrated phase locking with no offset 
frequency; the second the frequency spectrum with a 5 GHz modulation applied to the 
on-chip optical phase modulator prior to the feedback detector positioned near the middle 
of the chip.  The side bands visible at ±300MHz from the central peak are due to the 
limited bandwidth of the feedback loop.   
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(a) 
 
 
                               
 
 
 
 
 
(b)                                                                                        (c) 
 
 
 
 
 
 
 
 
 
(d)                                                                                       (e) 
 
 
 
 
 
Figure 7. (a) Chip schematic); (b) chip SEM; (c) Circuit showing chip, feedback and offset modulation 
elements; (d) non-offset comparison of monitor current [detector on far right] as phase of reference laser is 
tuned [via the lowest central modulator]; (e) output spectrum for a 5GHz rf offset signal applied. 
 
 
The publications in Sections II and III on Vertical-Cavity Surface-Emitting Lasers 
(VCSELs) and Cavity-QED effects, respectively, are really continuations of work already 
reported in previous years, so a detailed explanation of them will not be presented here, 
and the reader is referred directly to the papers.  For summaries please see introductions 
from prior years.   
 
However, the VCSEL work is continuing with a couple of new programs aimed at 
increasing the direct modulation bandwidth and efficiency even more than the record 
results that are reported in this issue as well as in the past. 
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Generation of 40 Gbps Duobinary Signals Using an 
Integrated Laser―Mach-Zehnder Modulator 
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Abstract: Generation of 40 Gbps duobinary signals is demonstrated using the intrinsic EO 
response of an Mach-Zehnder modulator integrated with a widely tunable laser over a wavelength 
range of 1537nm – 1569nm. 
 2007 Optical Society of America 
OCIS codes: (250.5300) Photonic Integrated Circuits; (060.2330) Fiber Optics Communications 

 

1. Introduction 
To meet growing transmission demand, 40 Gbps optical channel rate is proving increasingly attractive. This requires 
the development of low-cost optical transmitters. For short-distance interconnects, directly modulated VCSELs is 
emerging as an attractive potential source [1]. More complex modulation formats with high tolerance to fiber non-
linearities such as RZ-DQPSK [2] is attractive for long-haul transmission. For intermediate reach, where linear 
chromatic fiber dispersion is the dominant impairment, optical duobinary (ODB) is attractive for increased reach, 
compact channel width and direct detection.  
 
ODB using LiNbO3 modulators have been demonstrated up to 107 Gbps [3]. Semiconductor modulators are a more 
attractive option because of its potentially lower drive voltage, integration with lasers and compatibility with 
compact, low-cost packaging. 40 Gbps semiconductor Mach-Zehnder (MZ) modulators have been demonstrated 
both discrete [4] and integrated to a laser [5]. 
 
In this work we demonstrate an integrated 40Gbps duobinary transmitter consisting of a MZ modulator integrated 
with a widely tunable Sampled-Grating DBR laser. Unlike previous results where 10Gbps duobinary modulation 
was generated and transmitted using this type of device [6], this demonstration does not require a low-pass filter for 
the drive signal. Instead, the electro-optic (EO) response of the MZ modulator is designed such that a good return 
loss over a broad frequency band, and a sharp EO roll-off of ~50dB/decade, is used to form the duobinary optical 
signal when driven directly by binary drive signal. 
 

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 MZ 
modulator. All sections of the device are integrated onto one single Indium-Phosphide chip. 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 MZ modulator consist of two optical 
waveguide segments with RF electrodes situated in-between two multimode interference (MMI) couplers. More 
details of this type of device can be found in [7]. 
  
In order to generate the 3 level electrical drive signals for the MZ modulator through Inter-Symbol-Interference 
(ISI), a low-pass electrical filter is normally used. This low-pass filter has a 3dB bandwidth of approximately 
0.25xBitRate and with a 40-50dB/decade filter roll-off after the 3dB cut-off. Typically this is accomplished by a 
Bessel Thompson filter employing absorptive filter design, giving good S11 performance and simultaneously 
achieving a steep filter roll-off at ~40-50dB/decade. For our 40Gbps optical duobinary transmitter, we design the 
MZ modulator such that its EO response has a 3dB bandwidth of 10GHz, has a 40-50dB/decade roll-off after the 
3dB cut-off, and is broadband impedance matched such that reflection of the 40Gbps input drive is minimized. This 
design approach eliminates the need for additional sharp electrical low-pass filter as generation of the ISI drive is 
performed by the modulator itself.  
 



To achieve the design objectives mentioned above, both the EO response and return loss performance of our 
modulator need to be improved.  Broadband impedance matching is necessary because of the relatively low 
modulator impedance of ~26-29Ω resulting from our fabrication process. In addition, RC time-constant limited EO 
response usually gives a 20dB/decade roll-off after the 3dB cut-off, hence sharper roll-off in the response will be 
needed in order to be used in a 40Gbps duobinary application. We achieved these objectives by using a distributed 
electrode design such that on-chip matching elements are introduced in the modulator electrodes. This increases the 
input impedance of the modulator to ~37Ω, and at the same time, slows the electrical phase velocity such that a huge 
velocity mismatch now exists between the electrical signal and the optical wave. Velocities mismatch in electrical 
and optical domain then results in the required bandwidth, and increases the roll-off of the response after the 3dB 
cut-off. 
 
To determine the suitability of the modulator for 40Gbps duobinary applications, frequency domain characterization 
is performed whereby the chip-on-carrier return loss S11 and electro-optic (EO) response are measured using a 
network analyzer. Fig.1 shows the experimental setup for time domain characterization of the Integrated-Laser-
Mach-Zehnder (ILMZ) chip-on-carrier. The output of the pseudo-random pattern generator is used to drive a 
matched pair of 40Gbps drivers. Two phase tuners are used to equalize the delays of the RF signal paths from 
pattern generator to the probes tips. No low-pass filters are used for our experiments as the required duobinary signal 
is generated by the EO response of the MZ modulator itself. Without a 40Gbps differential encoder at our disposal, 
time-domain characterizations include eye diagram measurements at 0km (BTB), 10km and 12.5km of single-mode 
fiber across the 1537-1569nm tuning range. 
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Fig. 1. Schematic of experimental arrangement used to generate 40 Gbps duobinary modulation using the 
integrated SGDBR laser – Mach-Zehnder modulator. Intrinsic MZ modulator EO response is used to generate 
the 40Gbps duobinary modulations. 
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Fig. 2a: Return loss S11 of chip-on-carrier with a 750µm long modulator. Fig. 2b: Electro-optical response of 
chip-on-carrier with a 750µm long modulator. 

3. Results 
In Fig. 2a, the return loss S11 of the chip-on-carrier with a 750µm long modulator biased at -1.5V is plotted. The 
S11 plot shows that the return loss is below -15dB for most of the 20GHz band measured, indicating an excellent 
impedance matching. Broadband impedance matching beyond the 0.25xBitRate band is desirable in our case as the 
input signal is a 40Gbps Non-Return-to-Zero signal. The small-signal EO response is measured with the MZ 
modulator bias at -1.5V and is shown in Fig. 2. The 750µm long MZ modulator gives a 3dB bandwidth 10.4GHz. A 
~50dB/decade roll-off of the modulator is obtained by fitting a line at the EO response as shown in Fig. 2.  The high 
roll-off of the EO response is due to velocities mismatch of the electrical and optical signals as indicated previously. 
With good return loss, a bandwidth of 0.25xBitRate and a sharp roll-off, the MZ modulator is suitable for 40Gbps 
duobinary transmitter application without additional electrical low-pass filter.  
 

a b 



Fig. 3 plots the optical eye diagrams for transmit wavelengths of 1537nm, 1542nm, 1555nm and 1569nm, after 
transmission of 0km, 10km and 12.5km of fiber, using a PRBS word length of 2^31-1. RF drive voltages of the 
modulator are 3.5Vpp, 3.95Vpp, 4.3Vpp and 4.3Vpp for wavelength channels of 1537nm, 1542nm, 1555nm and 
1569nm respectively. The back-to-back eye diagrams show that the MZ modulator, with its sharp EO response roll-
off, functions as a 40Gbps duobinary transmitter according to expectations. The device used in this experiment has 
input MMI that is input power dependent such that at short wavelength, the optical splitting ratio is severely 
unbalanced. Unequal splitting ratio results in residual chirp at short wavelength channels such that an “open” optical 
eye is not possible after fiber transmission. Nonetheless, for wavelength channels that do no suffer from this artifact, 
“open” optical eye diagrams are obtained after transmission of 10-12.5km of fiber.  
 

   

   

 
Fig. 3: Received optical eye diagrams at 1569nm, 1555nm, 1542nm, 1537nm after transmission through 0km, 
10km and 12.5km fiber, respectively. 

4. Conclusion 

We demonstrate, for the first time, a 40Gbps duobinary transmitter using an integrated widely-tunable SGDBR laser 
and a Mach-Zehnder modulator. 40Gbps ODB eye diagrams are obtained for wavelength channels from 1537nm to 
1569nm, using the intrinsic EO response of the modulator. This eliminates the need for an additional electrical low-
pass filter. The modulator uses on-chip matching in the modulator electrodes to achieve good return loss over a 
20GHz frequency band and a sharp 50dB/decade EO response roll-off. “Open” eye diagrams are obtained indicating 
a good potential for high transmission performance. 
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Abstract: Within the past couple of years InP-based Photonic Integrated Circuits (PICs) have become the subject of 
aggressive development for commercial applications primarily for the telecommunications industry.  Chips with 
hundreds of photonic components carry live traffic in the field, but questions remain about cost/volume/performance 
tradeoffs, as well as the need for common integration platforms and/or foundry services.  Research efforts have been 
influenced by these issues.   

1. Introduction 
Small-scale PICs in InP have been researched for over two decades[1], and there have been a few successes that 
have had some commercial impact over the past decade or so. However, for many years success with hybrid 
integration techniques as well as limited market volumes has slowed the commercial adoption of PICs, except for a 
few limited examples.   The classic success example is the so-called EML, the electro-absorption modulated (EAM) 
laser, usually consisting of a DFB laser integrated with a waveguide section at one end that has a slightly higher 
absorption energy so that it is nominally transparent[2,3].  A reverse bias to this section increases its optical 
absorption so that it can function as a high-speed modulator.   Other PIC examples include various single-chip 
widely-tunable transmitter chips that have included integrated amplifiers, modulators, and monitoring detectors 
together with multiple-section lasers[4,5].  Larger-scale PICs with hundreds of components have been offered 
commercially only in the past few years[6].  Most of this work has involved chips with numerous parallel channels, 
which each might contain four or five elements, multiplexed together in a wavelength-division-multiplexed (WDM) 
transmitter or receiver[6,7].  Research efforts on larger-scale PICs have included work with more complex chains of 
components to provide a higher level of functionality within each channel[8,9].   

This Plenary presentation will endeavor to mention representative examples of different classes of PICs that have 
been worked on in recent years.  The emphasis at the IPRM will be on the materials and integration issues as well as 
some of the device/circuit tradeoffs.  Partly due to necessity because of proprietary issues, and partly due to 
convenience, an overemphasis on our work at UCSB will result.   

2. Integration Platforms 
The most elementary of photonic ICs requires the ability to switch between active and passive optical waveguide 
sections without undue loss or reflections.  Perhaps three or more waveguide types need to be abutted in such a 
‘seamless’ manner to integrate all of the desired functionalities within some PIC.  Figure 1 illustrates some examples 
of active-passive junctions along the axis of the optical waveguides.   
 

 

 

 

 

 

 

 

Fig. 1.  Schematic waveguide cross sections of six active-passive integration platforms.  All have been used in commercial products. 

Pros and Cons of each active-passive junction 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 
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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 only low saturation power SOAs are available without more growths.   

In the lateral direction there are also many different possible waveguiding geometries that are more or less desirable 
for various PIC elements.  These include surface ridge waveguides, buried heterostructures, buried ribs, deeply 
etched ridges, and the transitions between these.  Many tradeoffs exist.  High-index-contrast enables sharp bends, 
but it tends to bring higher losses.  Active regions generally require high-quality epitaxial interfaces for low non-
radiative recombination and high reliability, but this limits the fabrication options.   

3.  Example PICs 
Figures 2-4 give recent examples of photonic 
ICs from some of our work at UCSB.  
Different integration platforms  and lateral 
waveguide structures were used in each case.  
Figure 2 illustrates a photocurrent driven 
wavelength converter that integrates an all-
photonic SOA-PIN receiver with a widely-
tunable SGDBR laser—SOA—traveling-
wave-EAM transmitter[10].  It uses the ‘dual 
quantum-well’ integration platform with a 
surface-ridge waveguide structure.    

Figure 3 illustrates a chip which provides the fabric of an 8 
x 8 all-photonic packet-switch[9].  In one of the most 
complex PICs ever created, 8 wavelength converters feed an 
8 x 8 AWGR (which acts like a prism) that together enable 
any of 8 incoming channels to be switched to any of 8 
output channels by switching the wavelength in the 
wavelength converters.  In this case quantum-well 
intermixing is used for different bandgaps, and three 
different waveguides are employed in the different sections: 
surface-ridges, deeply-etched ridges, and buried ribs.  

Figure 4 is a programmable integrated photonic lattice filter 
that incorporates three coupled ring resonators together with a 
Mach-Zehnder geometry[11].  Numerous FIR and IIR filter 
functions can be programmed.  Illustrated is a repeating two 
pole response.  In this case an offset-quantum-well layer 
structure and deeply-etched waveguides are used throughout. 
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Fig. 2. Photocurrent-driven wavelength converter and 
outputs for both NRZ and RZ input data @ 40 Gb/s. 

Wavelength converters AWGR 

Fig. 3.  8 x 8  all-photonic space switch employing wavelength 
converters and a passive dispersive AWGR filter. 

Fig. 4.  Programmable lattice filter and 2-pole IIR response.  
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Abstract 

We demonstrate a novel technique for free-carrier absorption reduction using an InP buffer layer with quantum 
well intermixing. Application of this technique enabled fabrication of monolithic tunable optical routers with 
more than 200 functions. 

I. Introduction 

 Photonic integrated circuits (PICs) in InP provide an 
attractive alternative to discrete component systems, offering 
a reduction in overall system footprint, improved reliability, 
and reduced packaging costs. However, as on-chip 
component demands increase in both total number and 
functional requirements, novel approaches to epitaxial design 
and fabrication that minimize process complexity to achieve 
high device yields are desirable [1]. A number of device 
fabrication platforms have been reported that provide a path 
for active and passive component integration [2-4]. Each 
approach has advantages and disadvantages depending on the 
application, but should provide an optimal combination of 
high gain and low loss regions with a minimum number of 
regrowths for improved yield.  For instance, with the offset 
quantum well platform, active and passive regions are 
defined by a simple wet etch, which minimizes fabrication 
complexity [2].  This approach only yields two band-edges 
and therefore limits the diversity of components that can be 
integrated on-chip.  Alternatively, quantum-well intermixing 
(QWI) can provide multiple band-edges on-chip, but this 
requires additional post-growth processing [3].  Epitaxial 
regrowths have also been used to increase integration 
flexibility, such as butt-joint regrowths [4] for additional 
band-edges on chip and unintentionally doped (UID) InP 
regrowths for very low-loss propagation regions. However, 
these regrowth techniques increase cost and complexity and 
can result in a significant reduction in device yield. 
 Optical routers are one promising area in which the 
footprint and power benefits of photonic integration could 
make a significant impact [5]. In this paper, we discuss a new 
application for a bulk InP implant buffer layer used in QWI to 
realize a 640 Gbps, 8x8 monolithic tunable optical router 
(MOTOR). This method allows for reduced passive loss 
without a UID regrowth, thus improving device yield. The 
device contains more than 200 building blocks, representing 

  
(a) 

 
(b) 

Fig. 1. a) Schematic overview of MOTOR architecture; (b) 
Photograph of fabricated device 
 
the forefront of integration in terms of the total number of 
components and functional complexity. 

II. Device Integration Approach 

 The MOTOR chip consists of an array of eight, 40 Gbps 
RZ, widely-tunable wavelength converters (WC) and an 
arrayed-waveguide grating router (AWGR) (Fig. 1). The WCs 
operate using cross phase modulation effects in a carrier-
based, differential Mach-Zehnder interferometer (MZI) [6]. 
This approach to wavelength conversion uses an integrated 
differential-delay line to overcome carrier recovery time limits 
in semiconductor optical amplifiers (SOA) in the MZI at 40                       



 

Fig. 2. Epitaxial base structure for quantum well intermixing 

Gbps. The converted data are routed to a specific output port 
of the AWGR, based upon the new wavelength set by the WC 
[7]. The chip integrates active and passive components, such 
as SOAs, sampled grating (SG)-DBR lasers, variable optical 
attenuators (VOA), phase modulators, light couplers, 
waveguides and delay lines simultaneously, thus requiring a 
robust integration platform to properly place different band 
edges and reduce waveguide losses. To overcome this key 
challenge of integrating a low loss AWGR with the optimized 
active tunable wavelength converters, we use a QWI epitaxial 
design, three different waveguide architectures, and a novel, 
non-regrowth approach to reduce free-carrier absorption loses 
with the QWI implant buffer layer. 

A. Epitaxial Platform and QWI Details 

 To define the active/passive regions of the chip, we utilize 
an impurity-free quantum well intermixing (QWI) process [3]. 
The initial base growth consists of ten compressively-strained 
(+0.9%) 6.5-nm InGaAsP quantum wells (QW) and eleven 
tensile-strained (-0.2%) 8.0-nm InGaAsP barriers centered in a 
quaternary waveguide (Fig. 2). This structure maximizes the 
optical overlap with the QWs, yielding an optical confinement 
factor (Г) of ~13%.  Above the waveguide, a 450 nm 
unintentionally doped (UID) InP buffer layer is grown to 
collect the subsequent phosphorous implant for QWI. 
Selective intermixing of the wells and barriers is achieved 
through a rapid thermal anneal (RTA) process at 675°C to shift 
the as-grown peak PL wavelength from 1545 nm to 1420 nm 
as in [8]. A single, blanket, p-type regrowth is used later to 
define the waveguide cladding. 

B. Waveguide Designs and Implementation  

 Because of the diversity of on-chip functions, three 
waveguide architectures are used in MOTOR: surface ridge 
waveguides, deeply etched ridge waveguides, and buried rib 
waveguides. All active components and most passive 
waveguide regions in the WCs employ a surface ridge design 
(Fig. 3a,d) for reasons explained below. This design is 
accomplished using a combination of dry and wet chemical 
etching.  A 400-nm PECVD SiO2 hard mask is defined above 
the cladding by photolithography and CHF3 inductively- 
coupled plasma (ICP) dry etching. The InP ridge is etched to 
a depth of roughly 1.8 µm in an ICP system using a Cl2:H2: 
Ar chemistry to achieve straight and smooth sidewalls [9].

 

 
                                            (a)          (b)                (c) 

     
                                            (d)          (e)                (f) 

    Fig 3.  Ridge architectures used in MOTOR: (a), (b), (c) show schematic cross-sections of epitaxial layers with the optical mode 
profile superimposed for surface ridge, deep ridge, and buried rib, respectively. (d), (e), (f) show corresponding SEM cross sections 

for surface ridge, deep ridge, and buried rib, respectively 



 
Next, the surface ridge regions are wet etched another ~0.6 µm 
in a 3:1 H3PO4:HCl mixture.  The quaternary waveguide 
below the cladding regrowth acts as a stop-etch layer. By 
etching the InP down to only the top of the waveguide, we 
avoid etching the QWs and eliminate surface recombination 
losses.  Although the surface ridge waveguide is simple to 
fabricate, there is significant modal overlap with the Zn- 
doped cladding material above the waveguide, resulting in 
free-carrier absorption losses.   
 The device also utilizes a deeply etched waveguide for the 
differential-delay line to accommodate a compact structure 
with tight bend radii (Fig. 3b,e). This region is fabricated by 
two separate dry etches.  The first 1.8-µm etch is 
accomplished simultaneously with the dry-etch step of the 
surface ridge waveguide.  The delay line region is masked 
with photoresist during the surface ridge wet etch, due to the 
crystallographic nature of the wet etch chemistry.  Following 
the surface ridge wet etch, a lift-off process with photoresist 
and 350 nm PECVD SiO2 is used to open the delay line 
region.  A 2-3 µm deep dry etch through the waveguide (using 
identical etch conditions) is then performed. 
 In the AWGR, a 70-nm rib waveguide is etched into the 
upper portion of the waveguide prior to the cladding regrowth, 
which subsequently buries it (Fig. 3c,f).  The rib allows for 
large bend radii in the AWGR with low scattering losses since 
the waveguide is only partially etched. 

C. Novel Use for Quantum Well Intermixing Buffer Layer 

 In our previously reported work on QWI [2,8], the 
undoped implant buffer layer grown above the waveguide is 
used only for QWI purposes. The thickness of this layer is 
designed to ensure that the 100-keV phosphorous implant 
generates vacancies above the waveguide, avoiding damage to 
the QW region.  After intermixing is complete, the layer is 
typically removed by wet etching. Here, however, we 
deliberately leave the buffer layer in certain regions of the 
chip, creating a UID setback layer between the optical mode 
and the Zn dopant atoms in the p-type cladding in order to 
reduce optical scattering losses.  At 1.5 µm, the absorption loss 
as a function of Zn concentration has been shown to be high, 
according to the following [10]: 

    α = 20(p/1018 cm-3) cm-1.   (1) 

where α is the loss in cm-1 and p is the Zn concentration. By 
leaving the implant buffer layer in passive sections, the Zn 
doping in the cladding is pushed further away from the optical 
mode and a significant reduction in loss can be achieved 
without comprising the quality of active components.  
Furthermore, a 200-nm sacrificial InP layer is grown above the 
implant buffer layer during the initial epitaxial growth to 
protect the buffer layer from implant damage and ensure a 
high-quality regrowth interface (Fig. 2).   
 Both the deeply etched waveguide and the buried rib 
waveguide designs are well suited to using the implant buffer 
layer in this manner.  As shown in Fig. 3b, because the deep 
etch process etches completely through the waveguide 

 
Fig. 4. Effect of the implant buffer layer thickness on the 
scattering loss due to Zn doping in a buried rib and deeply 
etched waveguide (model assumes no Zn diffusion) 
 
region, the optical mode can only interact with Zn-doped 
material directly above the waveguide.  Therefore, the 
presence of an undoped InP setback layer is expected to 
provide a major improvement in optical loss.  In the buried 
rib region (Fig. 3c), however, the mode is not tightly confined 
and expands laterally outside of the rib region. Leaving the 
buffer layer directly above the rib will only reduce optical 
loss over a portion of the mode volume.  Because the lateral 
portion of the mode remains in the Zn-doped cladding, the 
expected reduction in optical loss is not as great as that in the 
deeply etched waveguide. 
 To verify this reduction in loss, we used Eqn. 1 with 3D  
beam propagation methods to simulate the expected loss due  
to Zn in the cladding as a function of implant buffer layer 
thickness.  Our cladding regrowth utilized a graded doping 
profile to ensure the formation of a p-i-n junction across the 
QWs while minimizing the concentration of Zn near the 
optical mode.  Using these doping concentrations and 
neglecting Zn diffusion during the regrowth, we can 
approximate the reduction in scattering loss due to the 
presence of the buffer layer.  Fig. 4 shows the relationship 
between loss and buffer layer thickness.  As anticipated, loss 
in the deeply etched region drops off more quickly than in the 
buried rib structure, as there is no lateral mode interaction with 
Zn dopant atoms.  This result also shows that there is no 
measureable advantage to increase the implant buffer layer 
beyond its current thickness of 450 nm.  The magnitude of 
these loss values will be larger in the actual sample due to 
diffusion effects, but the general trends should be unchanged.   
 This technique cannot be readily applied to the surface 
ridge waveguide, however, because the surface ridge is 
finished by wet-etching. In order to facilitate removal of the 
implant buffer layer before the cladding regrowth, a 
quaternary stop etch layer is included directly below the buffer 
(Fig. 2).  If the implant buffer layer was left in the surface 
ridge region, the wet etch would stop on this quaternary layer 
instead of the waveguide, resulting in a detrimental reduction 



in optical confinement in these regions. 

III. Device Performance 

 The AWGR region was first characterized using amplified 
spontaneous emission (ASE) generated by forward biasing 
SOAs in the WC and measuring the output in an optical 
spectrum analyzer.  Fig. 5 shows the ASE spectrum from input 
channel #3 at every output channel of the AWGR.  The free 
spectral range was measured to be 11.1 nm.  Next, 
wavelength-based switching was examined by tuning the SG-
DBR to an allowed wavelength for each output port (Fig. 5).  
Output powers of more than -5 dBm were measured in the 
OSA. These powers are reasonable given the long propagation 
length of the AWGR region and fiber coupling losses. 
 Measurements of the MZI transfer function in the WC 
show more than 25 dB of extinction in the MZI for multiple 
input ports (Fig. 6). Input WCs #1 and #5 had ridge defects in 
the MZI and thus data are not shown for these ports. This level 

 
Fig. 5. Wavelength switching using the SG-DBR of input 
channel #3 and measuring at each output port (superimposed 
on ASE spectra from all output ports) 
 

Fig. 6. MZI transfer functions for six of the eight input 
wavelength converters measured from output port #3 
 

of extinction indicates that there is sufficient phase swing in 
the MZI to perform wavelength conversion of the input data. 

IV. Conclusion 

 We demonstrate a new technique to reduce free-carrier 
absorption in passive regions of large-scale PICs by exploiting 
an InP implant buffer layer used for quantum well intermixing. 
The buffer layer, which is typically removed everywhere, was 
left in deeply etched and buried rib waveguide regions to 
provide an undoped setback layer between the optical mode 
and the Zn-doped cladding. In addition to a reduction in 
optical loss, this method eliminates the need for an additional 
UID regrowth in the AWGR region, thus improving device 
yield. Using this method, we fabricated the first 8x8 
monolithic tunable optical router capable of 40 Gbps operation 
per channel with more than 200 integrated functions.  
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Abstract: Integration platforms initially developed for widely-tunable lasers have recently been extended to 
encompass more complex single-chip transmitters as well as single-chip transceivers or wavelength 
converters by incorporating optical amplifier-photodiode receivers with these transmitters.  Results from 
these and other InP-based photonic ICs will be presented. 
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1. Introduction 

Photonic integration on InP is beginning to reach a maturity that enables hundreds of interacting components to be 
successfully fabricated on a single chip.  Several commercial firms now sell products into the fiber optic 
communications market that use chips containing dozens of individual optical elements [1].  At least one uses chips 
that contain hundreds of optical elements in its products [2,3].  Billions of no-failure device-hours have been 
documented in the field with such photonic integrated circuits (PICs).    

Nevertheless, some still question the reasons for monolithic integration versus the hybrid approaches that have 
been used with success for many years.  The desire to have ‘known-good-die’ prior to the expensive packaging step 
is compelling to some, and the promise of low cost PIC components can not always be assumed because of limited 
volumes for any one design.  Universal integration platforms that can produce a wide range of chips are necessary. 
The history to date for high-end applications has been that the PIC wins if and only if it can perform as well as the 
hybrid circuit.  Distortions can not be introduced; sensitivity (range) can not be sacrificed.  So, the issue with 
photonic integration inevitably becomes the identification of an integration platform that is simple and robust 
enough to be high-yield, but at the same time deliver high-performance across a wide range of photonic elements.  
The system cost must be much lower to take the risk, but this result seems to be emerging, so the cost/size/power 
reductions afforded by the use of PIC solutions may at long last be realized, and one might expect to observe an 
acceleration of their use with an associated further advance down the cost curve for them.  Perhaps some might even 
accept slight performance compromises in some systems’ architectures if the price is right! 

This paper will introduce the integration platforms developed at UCSB, initially for the four-section Sampled-
Grating Distributed-Bragg-Reflector (SGDBR) laser alone[4], and later for the SGDBR integrated with various 
other elements, such as semiconductor-optical-amplifiers (SOAs), electro-absorption modulators (EAMs), Mach-
Zehnder modulators (MZMs), multi-mode interference (MMI) couplers, photodetectors (PDs), and arrayed-
waveguide-routers (AWGRs).  It will then discuss results from transmitters formed with the SGDBR and some of 
these elements.  The paper will then move on to transceivers/wavelength converters using all-photonic high-gain, 
high-saturation power SOA-PD receivers together with a particular transmitter.  Finally, some recent work with 
arrays of wavelength converters integrated with an AWGR to create a space switch will be briefly introduced.   
 
2. Integration Platforms 

One of the main issues in integrating various photonic waveguide elements together is to match up the different 
waveguides at the interface between the sections.  It is generally important to have no reflections and very low loss 
on transmission.  Perhaps three or more waveguide types need to be abutted in such a ‘seamless’ manner to integrate 
all of the desired functionalities within some PIC.  Several approaches have been used and the key ones will be 
reviewed in the presentation [5].  These include 1) a vertical twin guide structure, 2) a butt-joint regrowth approach, 
3) a selective area growth technique, 4) an offset quantum-well approach, 5) a dual quantum-well modification of 
that, and 6) a quantum-well intermixing approach. 

In the lateral direction there are also many different possible waveguiding geometries that are more or less 
desirable for various PIC elements.  These include surface ridge waveguides, buried heterostructures, buried ribs, 
deeply etched ridges, and the transitions between these.  Many tradeoffs exist.  High-index-contrast enables sharp 
bends, but it tends to bring higher losses.  Active regions generally require high-quality epitaxial interfaces for low 
non-radiative recombination and high reliability, but this limits the fabrication options.   
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3.  Widely-Tunable Integrated Transmitters 

As mentioned in the introduction, many of the basic integration techniques were developed in the process of 
developing the SGDBR structure in the 1990s, and these were refined by Agility Communications, Inc., which was 
formed in 1998 to commercialize the technology.  Figure 1(a) illustrates an early SGDBR-SOA-EAM transmitter 
developed by Agility that used the offset quantum-well integration platform [6].  Figures 1(b,c,d,&e) show various 
aspects of a recent UCSB SGDBR-SOA-TW/EAM transmitter that incorporates a ‘dual QW’ wafer structure and a  
velocity-matched traveling-wave (TW) electrode structure to provide more-efficient, higher-bandwidth modulator 
performance [7].  Good 40 Gb/s eyes that gave error-free operation over a wide wavelength range are shown.  

 

 

                (a)                       (b) 

 

           

 

 

         

      (c)                 (d)            (e) 

 

 
Fig. 1. (a) Vintage SGDBR-SOA-EAM using off-set QW platform [6]; (b) dual-QW layer structure; (c) mounted SGDBR-SOA-TW/EAM; (d) 
digital eyes across at several wavelengths; (e) TW/EAM waveguide cross section and top-view perspective [7]. 
 

Analogous transmitters have also been constructed with Mach-Zehnder modulators in place of the EAMs.  
These have the advantage of having manageable chirp, although in InP there is always a mix of absorption and 
phase modulation that complicates the matter.  Nevertheless, very good results have been reported [8]. 

 
4. Integrated Widely-Tunable Transceivers/Wavelength Converters 

Figure 2 illustrates a single-chip all-photonic transceiver (operated as a 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 [9]. The transmitter stage is similar to 
that shown in Fig. 1; the receiver stage consists of a two-stage high-gain, high-saturation-power SOA preceding a 
high-saturation current photodiode (PD).  The photocurrent from the PD directly modulates the TW-EAM of the 
transmitter, so that no rf needs to be coupled on or off of the chip, and no optical filters are necessary.  A separate 
absorber is used for data monitoring if so desired.  It was developed for use in all-optical networking experiments.   

 
 
 
 
 (a) 
 
  
   
                      
 
 
 
 
 

Fig. 2.  (a) Functional schematic of all-photonic transceiver; (b) unfiltered unmodulated (and inset modulated @ 40Gb/s - expanded across 1.7 
nm) output spectrum; (c) digital eyes for RZ and NRZ modulation from 5-40 Gb/s; (d) photo of transceiver with SGDBR-SOA-TW/EAM 
transmitter and two-stage SOA—PD receiver[9]. 

  

1533 nm

1543 nm

1559 nm

40 Gb/s NRZ

1533 nm

1543 nm

1559 nm

40 Gb/s NRZ

Eye DiagramsEye Diagrams

 

Light 
Out

Front 
Mirror Gain Phase

Rear 
Mirror

SG-DBR Laser

Amplifier
EA 

Modulator

MQW active regionsQ waveguide

Light 
Out

Front 
Mirror Gain Phase

Rear 
Mirror

SG-DBR Laser

Amplifier
EA 

Modulator

MQW active regionsQ waveguide

(b) (c) 

(d) 

       a198_1.pdf  
 

       IWA3.pdf  
 

© 2009 OSA/IPNRA/NLO/SL 2009
       IWA3.pdf 

 



Figure 3 illustrates a different widely-tunable 40 Gb/s transceiver operated as a wavelength converter (WC).  In 
this case the transmitter section uses a traveling-wave Mach-Zehnder modulator (TW/MZM) instead of a TW/EAM 
[10].  Such devices primarily use phase modulation instead of absorption modulation, and they can be designed to 
manage chirp, so that transmission distances can be greatly extended.  In fact, in this case the TW/MZM uses a 
series-connected design for higher impedance, so that the photocurrent can generate a higher electric field for better 
efficiency.   

 
 
 
 
 
 
 
 
 
 

Fig. 3.  All-photonic widely-tunable wavelength converter that integrates an SGDBR-SOA-TW/MZM transmitter with a two-stage SOA-PD 
receiver.  NRZ-Eye diagrams and bit-error-rate @ 40Gb/s illustrated for 1550 nm input data across 32 nm.  Power penalties similar for different 
input wavelengths.  Equivalent circuit is similar to Fig. 2 (a) except MZM diodes connected in series push/pull across PD [10]. 
 

5. A Monolithic Tunable Optical Router  

Figure 3 illustrates a chip which provides the fabric of an 8 x 8 all-photonic packet-switch that operates to 40 Gb/s.  
It uses nonlinear cross-phase modulation in SOAs within a Mach-Zehnder wavelength converter structure as shown 
in the figure instead of the photocurrent-driven transceivers discussed in Section 4 [11]. In one of the most complex 
PICs ever created, 8 of these wavelength converters feed an 8 x 8 AWGR that together enable any of 8 incoming 
channels to be switched to any of 8 output channels by controlling the wavelength switching in the wavelength 
converters.  In this case quantum-well intermixing is used for different bandgaps, and three different waveguides are 
employed in the different sections: surface-ridges, deeply-etched ridges, and buried ribs [12].  

 

 

 

 

 

 

 

Fig. 3.  (Left) Photo of 8 x 8 tunable optical space switch consisting of 8 wavelength converters integrated to an 8 x 8 AWGR.  Above the photo 
is a schematic of the tunable SOA-based wavelength converter including EAM label re-write. (right)AWGR filter characteristic.   

 
6. Acknowledgements 
This work was supported by DARPA via the DODN project.  

7. References: 
[1] See for example:  http://www.semiconductor-today.com/news_items/NEWS_2007/SEPT_07/JDSU_100907.htm  
[2] R. Nagarajan, C.H. Joyner, R.P. Schneider, et al,  “Large scale photonic integrated circuits,”  IEEE-JSTQE, 11 (1) 50-65 (2005). 
[3] D.F. Welsh, F.A. Kish, R. Nagarajan, C.H. Joyner, et al, “The realization of large-scale PICs ...,” IEEE-JLT, 24 (12) 4674-4683 (2006). 
[4] V. Jayaraman, Z. Chuang, L. Coldren, “Theory, design, and performance of extended tuning range ...,” IEEE-JQE, 29 (6) 1824-1834 (1993). 
[5] For a discussion & refs. see:  J.W. Raring & L.A. Coldren, “40 Gb/s widely-tunable transceivers,” IEEE-JSTQE, 13 (1) 3-14 (2007). 
[6] Y. Akulova, G. Fish, et al, “Widely-tunable EA-modulated SGDBR laser,” IEEE/LEOS Annual Meeting, paper MM3, La Jolla (2001). 
[7] M. Dummer, J. Klamkin, J. Mack, L. Coldren, “Widely-tunable 40 Gb/s transmitter …,” Proc. IPNRA, paper IMA2, Boston (2008). 
[8] A. Tauke-Pedretti, M. Sysak, et al, “40 Gb/s series-push-pull MZ-transmitter on a dual QW ...,” IEEE-PTL, 18 (18) 1922-1924 (2006). 
[9] M. Dummer, J. Klamkin, A. Tauke-Pedretti, L. Coldren, “A bit-rate transparent …integrated WC,” ECOC’08, Th.2.C.1, Brussels, (2008). 
[10] A. Tauke-Pedretti, M. Dummer, et al, “Separate absorption and modulation MZ-WC,” IEEE-JLT, 26 (1) 91-98 (2008). 
[11] V. Lal, et al, “Monolithic WCs for high-speed packet-switched optical networks,” IEEE-JSTQE, 13 (1) 49-57 (2007).  
[12] S. Nicholes, M. Mašanović, et al, “Advanced epitaxial techniques for high-density PICs in InP,” IPRM’09, Newport Beach, (May, 2009). 

1529 nm 1545 nm

1561 nm Back to back

1529 nm 1545 nm

1561 nm Back to back

Wavelength Converters AWGR 

       a198_1.pdf  
 

       IWA3.pdf  
 

© 2009 OSA/IPNRA/NLO/SL 2009
       IWA3.pdf 

 



12 November 2009

Technology and Applications for 
InP-based Photonic ICs

OIDA
December 1, 2009

Larry A. Coldren
with contributions from

S. Nicholes, L. Johansson, S. Ristic, E. Norberg, R. Guzzon, 
& other UCSB students, researchers, and faculty

ECE and Materials Departments

University of California, Santa Barbara, CA  93106

coldren@ece.ucsb.edu

12 November 2009

Maximum configuration for CRS-1:  92 Tbps
 72 line card shelves + 8 fabric shelves

~1 Megawatt!!!

• Problem: Bandwidth demands scaling faster than both silicon and 
cooling technologies

State-of-the Art Electronic Terabit IP Router

Cisco CRS-1 Router
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Some of our Earliest and Latest 
Functional PICs
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SGDBR-SOA-Modulator PIC  (the earliest)

6 section InP chip
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SGDBR+X:  Foundation of PIC work at UCSB

(UCSB’90-- Agility’99-’05  JDSU’05)

JDSU-ILMZ recently released as TOSA

• SOA external to cavity provides power control
• Both EAM and MZ modulators integrated

―Multi-Section Tunable Laser with Differing Multi-Element 
Mirrors,‖ US Patent # 4,896,325 (January 1990)
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4.25 

mm

14.5 mm

Recent PIC:  MOTOR Chip (the latest)
Wavelength Converter Array Arrayed-Waveguide Grating Router

• A monolithic tunable optical router (MOTOR) chip to function as the 
switch fabric of an all-optical router
– Line rate: 40 Gbps / channel
– Total capacity:  640 Gbps
– Error-free operation

• Photonic integration technologies designed for high-yield, large-
scale applications

Steven C. Nicholes, M. L. Mašanović, E. Lively, L. A. Coldren, and D. J. Blumenthal, 
IPNRA ’09, Paper IMB1 (July, 2009); also JLT, (Jan. 2010) in press.
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Leading Edge of Monolithic Integration
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640 Gbps MOTOR

Benefits of integrated solution:

Size
• Smaller device footprint
• Smaller rack space for increased bandwidth

Power
• No power required in passive AWGR (free switching—no transistors)
• Lower power consumption with all-optical approach

Cost
• Reduced packaging and system costs
• Fewer fiber alignments

Performance • Increased reliability

Wavelength Converter Array Arrayed-Waveguide Grating Router

PRBS 231-1

Wavelength Conversion and Routing Performance

• BER < 1E-9 achieved for 
conversion and routing

• Power penalty (BER 1E-9):
– 10 Gbps NRZ > 1.3 dB
– 40 Gbps RZ:

• PRBS 27-1 > 3.5 dB
• PRBS 231-1 > 4.5 dB
• Extinction ~ 11.2 dB

Key Results: WC

PRBS Data at λ1 IN Data at λ2 OUT 
to BERT

PRBS 231-1 PRBS 27-1

No AR coatings; low Psat Preamp SOAs
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Integration Strategy
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Integration Platform

• Strategy:
1. Centered MQW base structure
2. Quantum-well intermixing for 

active/passive definition
3. Single blanket cladding regrowth

• Trade-offs:
1. Limited total number of regrowths 

need multiple waveguide 
architectures

2. Efficient active diodes  higher 
passive losses due to Zn in cladding

3. Efficient high-gain, low-saturation 
power elements   nonlinear 
preamplifiers

4. Polarization sensitivity

Substrate

Active 

MQW 

Region

Intermixed 

Passive 

MQW 

Region

Quaternary 
Waveguide

UID InP
QWI Layers
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Multiple Waveguide Architectures 

• Need multiple waveguide designs to integrate diverse 
range of components

Waveguides

Surface Ridge

• Ridge defined through p-type 
cladding and stops at waveguide 
layer

– Dry etch + selective ―cleanup‖ wet 

etch 
– Wet etch is crystallographic  no 

bends over ~15

Waveguide
Deeply Etched Ridge

• Ridge defined through waveguide 
layer

– Dry etch only
– Strong lateral confinement 

sharp bends possible 

Waveguide

Substrate

Air
InP:Zn Cladding

Waveguide
QWs + 
Barriers

Waveguide
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Rib waveguide

Substrate

InP:Zn  Cladding

QWs + 
Barriers

Multiple Waveguide Architectures 

Waveguides

Buried Rib

• Partial etch into upper waveguide 
prior to cladding regrowth, which 
buries it

– Low index contrast 
 Larger footprint

– Dry etch due to high-angle bends

Waveguide

Need short mode transition elements to maximize 
coupling between waveguide regions
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QWI Implant Buffer for Low-Loss Waveguides

• Use QWI implant buffer to provide 
undoped setback layer between 
optical mode and Zn atoms

• Simulated reduction in optical loss:
– Deeply-etched > Buried rib
– No lateral mode interaction with 

Zn doped cladding

Buried Rib (AWGR):

Deeply-Etched Ridge (Delay Line):

Actual buffer 
thickness used
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Transitions Between Waveguide Designs

• ―Mode matching‖ transition [1]

– Surface ridge flares and tapers before 
deep ridge section

– No lateral misalignment issues

Top View Side View

Surface-to-Deep Ridge Transition

• Flared/tapered butt-couple transition
– Surface ridges flares and butt 

couples to tapering rib waveguide
– Fairly tolerant to lateral and 

longitudinal misalignment

Surface-to-Buried Rib Transition

Ridge
Rib

[1] J. H. den Besten et al., Photon. Tech. Lett., vol. 14, Jan. 2002

Waveguide
Flare
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Other PICs
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Transceiver/wavelength-converter:  
2-stage-SOA-PIN & SGDBR-TW/EAM

• Data format and rate transparent 5-40Gb/s
• No filters required (same l in and out possible)
• On-chip signal monitor
• Two-stage SOA pre-amp for high sensitivity, 
efficiency and linearity
• Traveling-wave EAM with on chip loads
• Only DC biases applied to chip—photocurrent
•directly drives EAM
• 40 nm wavelength tuning range

M. Dummer et al. Invited Paper Th.2.C.1, ECOC 2008.

Eye Diagrams
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Coherent Receiver for Phase Modulated Signals
OPLL—NEED for PICs & close integration/EICs

Large-signal
modulation
Open loop
Closed loop
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Signal – LO phase difference

• Signal mixed with LO to demodulate optical phase
– Detected photocurrent ~ signal-LO phase difference
– Response is sinusoidal

• With feedback, output reduced by the loop gain:  
1/(1+T)

– Hybrid integrated EIC* provides amplification
– Operation within linear regime
– NEED VERY SHORT FEEDBACK PATH 

is ~ sin(signal - LO)

L.A. Johansson, H.F. Chou, A. Ramaswamy, L. A. Coldren, and J.E. Bowers, ―Coherent optical receiver 

for linear optical phase demodulation,‖ Proc. MTT-S Microwave Sym., Tu3D-01 (June, 2007).

PD 1

PD 2

Interconnect
Surface ridge

Homodyne:

Close collaboration with NGST
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Integrated Coherent Receiver Results

J. Klamkin, et al, JSTQE, 44 (4) pp354-359 (Apr., 2008).

QW

Barrier

Absorber

1D mode profile

p+ InGaAs Absorber
n-InP Collector
InGaAsP MQW and 
Waveguide

I1 dB = 80 mA

Waveguide-UTC saturation currents PD B

f = 1 GHz

Waveguide-UTC two-tone 
OIP3

 Record OIP3 for waveguide PD
= 46.1 dBm at 60 mA (PD B)  

-5 dB

Receiver gain

A. Ramaswamy, et al, JLT, 26 (1) pp209-216 (Jan., 2008).

1.4 GHz OPLL BW—Loop delay limited
SFDR = 131 dB-Hz2/3 @ 300 MHz

TransmissionReflection

FTIR Trench

EIC

PIC

Phase II
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Phase-Locked SGDBRs/OPLL
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OPLL’d SGDBRs—Heterodyne

► EA modulator used to generate 5 GHz offset 
frequency

► Slave laser locked to modulation sideband

► Coherent beat observed

– 0.03 rad2 phase error variance in +/-2GHz BW 
estimated from captured spectrum

► Up to 20 GHz offset locking demonstrated
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Additional OPLL Applications/Challenges

PLL

PM input

Coherent receiver

Costa’s Loop for BPSK, QPSK 
demodulation

No requirement for complex 
DSP circuits

Challenge: Develop receivers for 
high speed (>100Gbaud) or 
high constellations (n-QAM)

Matched with development of 
coherent sources

LIDAR

Very rich/challenging area

Locking tunable lasers

Arrays of locked OPLLs

Swept microwave reference

Time / Phase encoding of 
directed output

Need for rapid scanning and 
locking rates

mmW / THz generation

Locking of two tunable lasers

Requires Integration of high-
speed UTC photodiode

Speed determined by UTC 
photodiode and feedback 
electronics: Can be very high

Combined with antenna designs 
for complete TRX links with 
free-space path

PLL
PLL
PLL
PLL

PLL

mmW modulated 
optical out

All require close integration of electronics with photonics
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Programmable Photonic Lattice Filters

• Demonstrate programmable poles and zeros from a single unit cell 
that can be cascaded to form complex lattice filters

• Incorporate SOAs and Phase Modulators to control filter parameters

3 4

Single Unit Cell

Active Passive

N-InP substrate

P-InP cladding

1.3Q InGaAsP Waveguide

7x6.5nm
QW

Offset Quantum Well Platform Deeply Etched Waveguide

See E.J. Norberg, R.S. Guzzon, S. Nicholes, J.S. Parker, and L. A. Coldren, “Programmable photonic filters 
fabricated with deeply etched waveguides,”  IPRM ’09, paper TuB2.1, Newport Beach (May, 2009)
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Current into
Ring PM

Current into
Feed forward PM

S21 MZI response tuned in frequency (wavelength)

• FIR filter response synthesized with MZI
– Ring SOA reversed bias – no optical feedback from 

resonator
• SOA on feed forward arm used to tune zero amplitude

– ~14dB maximum extinction ratio (ER)
– Parasitic frequency shift due to current injection in SOA

• Use phase modulators (PM) to align filter response 

• Phase modulators used to tune filter in frequency
– 270GHz (110% of FSR) total tunability of MZI response

Single Unit Cell – Isolated Zero

S21 MZI response – with PM

SEM of Single Unit Cell Filter

3 4

OSAASE source

λ

Schematic of measurement

λ

S21 MZI response – without PM
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43

LCARF modulated Laser

+ω0-ω0 ω

26.5dB

• IIR filter response synthesized with ring resonator
– S43 or S21 with feed forward SOA reversed biased

• SOA in ring resonator used to tune pole amplitude
– ~18dB of ER, FWHM=0.067nm (7.9GHz), Q=23,000, 

50 GHz frequency tunability
• RF filter response measured with Lightwave 

Component Analyzer 
– Characteristic π phase shift

• Enhancing ER by utilizing both zeros and poles
– >25dB extinction by placing zero in between poles

Single Unit Cell – Isolated Pole

Schematic of measurement

SEM of Single Unit Cell Filter

43

OSAASE source

λ

λ

S43 Pole response tuned in amplitude S21 Pole + Zero responseS43 RF Pole response

3 4

OSAASE source

λ

λ

Single Unit Cell – Pole and Zero
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• Resonator in/out coupling with Etched Beam 
Splitters (EBS)

• EBS coupled ring resonator in InGaAsP demonstrated 
for the first time

• Pole response
• E.g. Biased 20mA (Ith=23mA)
• FWHM of 7GHz, Q=27500

• EBS power splitting ratio
• R=55~60%, T=2.9~3.2%
• Back calculated from resonator response 

and measured relative splitting ratio

Flattened Ring Unit Cell

Measured and Simulated Resonator Pole Response –
Varied Ring SOA Current (curves shifted for clarity) 

4

Tunable Laser

λ

Onchip 
detector

Schematic of measurement

43

Nitride for contact insulationNitride for contact insulation
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Summary

• Illustrated medium-scale highly-functional PIC integration technology 
requiring only one blanket regrowth.  
– Indicated usefulness of quantum-well intermixing for integrating high-confinement active 

regions with low-loss passive regions.
– Demonstrated efficient, robust techniques to integrate very different lateral waveguides 

together.

• This technology provided largest and most complex PIC ever (at least for 
UCSB).
– Performance adequate for many digital photonic switching functions
– Prior work has shown that the addition of one more blanket regrowth can greatly 

enhance the performance of such PICs

• Illustrated other functional InP-based PICs
– All-photonic transceivers using photocurrent-driven modulators
– Coherent receiver using an optical phase-locked loop for phase-modulated rf-photonics
– Locking of SGDBRs for mmW - THz generation using an OPLL + other possibilities
– Programmable photonic lattice filters
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ABSTRACT 
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.  

Keywords:  Photonic integrated circuits, optical routers, wavelength converters, optical buffers, mode-locked laser 

1. INTRODUCTION 
Consumer demand for speed and bandwidth over the Internet Protocol (IP) and other networks is at an all-time high and 
is steadily increasing. The continued scaling of current commercial electronic routers requires increasing power 
consumption and footprint. All-optical packet switching and routing technologies1,2 hold the potential to provide more 
efficient power and footprint scaling with increased router capacity. The all-optical approach eliminates the need to 
convert input optical signals into the electrical domain, thus reducing the demand for electronic switch fabric capacity 
with increased throughput.  

This paper covers the latest advances in photonic integrated circuit (PIC) optical packet switching and routing 
technologies investigated under the DARPA/MTO and Army DOD-N program sponsored LASOR project1. The goal of 
this project is to demonstrate the world’s first 1 Tbps capable label switched optical router. 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. Each PIC building block 
of the LASOR router uses advanced processing and epitaxial techniques to combine a large number of diverse 
components on-chip, including tunable lasers, amplifiers, detectors, and waveguide delays. 

2. WIDELY TUNABLE ALL-OPTICAL PACKET FORWARDING CHIPS 
The conversion of the input payload to a new wavelength and the encoding of the new optical labels for output packets 
are handled in LASOR optical router by a packet forwarding chip (PFC). The all-optical PFCs include a number of 
functions: (1) fast-switching and widely tunable lasers; (2) optically controlled gate used to convert the input data onto 
the CW laser signal; and (3) a modulator, required to write new labels preceding the outgoing labels. 

 To achieve fast wavelength tuning in excess of 40 nm, a sampled-grating DBR laser (SG-DBR) is incorporated into the 
PFC chips. 

The optical gating functionality needed for wavelength conversion are achieved by one of two methods—carrier 
modulation through the use of non-linear effects in semiconductor optical amplifiers (SOAs) or electric field-based 
modulation through a photodiode-EAM interaction. Neither of these approaches require electronic data 
processing or amplification. In the carrier-modulated approach, the absorption of the input signal and the 
modulation of the CW output signal occur coincidently at the same waveguide (coincident absorption and 
modulation—CAM, Figure 1). In the field-modulated approach, the absorption and modulation functions are 
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separate and occur at different waveguides (separate absorption and modulation—SAM, Figure 2). Although each 
scheme has certain advantages and disadvantages, both approaches have been successfully used to demonstrate 
error free 40 Gbps wavelength conversion and full packet switching.4-8    

 

Figure 1 - 40 Gbps packet forwarding chip (a) Schematic representation of nonlinear SOA-based CAM device; (b) Optical 
micrograph of a fabricated CAM device. 

 

Figure 2 - 40 Gbps packet forwarding chip – Schematic representation of the Mach-Zehnder modulator field-modulated SAM device 
and an optical micrograph of a chip on carrier. 

2.1 Coincident Absorption and Modulation PFCs 
In our PFC design, wavelength conversion is accomplished by exploiting cross phase modulation effects in a 
differential delay Mach-Zehnder interferometer (MZI) (Figure 1). The device consists of a widely tunable SGDBR 
laser monolithically integrated with a MZI-SOA wavelength converter. The delay helps overcome bandwidth 
limitations stemming from the finite carrier lifetime in a saturated SOA. Additionally, a phase modulator is 
included in the MZI-SOA region for label rewrite functionality. Using this configuration, successful optical 
switching of 40 Gbps payloads and 10 Gbps labels has been accomplished.2,4 The overall device footprint is 7 mm x 
0.5 mm. 40 Gbps RZ wavelength conversion has been demonstrated for CAM SOA-based devices using both 
SG-DBR lasers and AWGR-based discretely tunable lasers as a CW source.4,9 

In this configuration, an external filter is required to remove the input signal from the PFC output. However, a multistage 
MZI-SOA wavelength converter with on-chip filtering has also been demonstrated to eliminate this requirement.10 
Although the CAM-based device affords robust packet forwarding with only 1 dB power penalty,4 it does involve a more 
complex epitaxial growth scheme. 
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Figure 3 – CAM PFC: (a) Bit error rate results for 40 Gbps RZ wavelength conversion; (b) Eye diagram for an output wavelength of 
1550 nm. 

Since the structure requires both linear SOAs at the input (for input signal amplification) and nonlinear SOAs in the 
MZI (for cross phase modulation), a simple epitaxial base structure with a single active band edge cannot provide the 
most optimized components. Instead, post-growth techniques such as quantum well intermixing (QWI) or multiple 
epitaxial regrowths must be employed. For the device in Reference 4, the linear SOAs were realized in the initial base 
structure growth with quantum wells (QW) grown directly above the waveguide. Because the QWs are offset from the 
peak of the optical mode, the SOA saturation output power is increased, but its gain is decreased. The nonlinear SOAs in 
the MZI were realized by first removing the QWs and waveguide from the MZI and then using a butt-joint regrowth to 
grow a bulk SOA in their place. Alternatively, QWI can be used with a base structure consisting of QWs centered in the 
waveguide (for maximum gain and low saturation powers) to define the nonlinear MZI SOAs.11 However, the 
preamplifier SOAs are then limited in length (and gain) in order to ensure that the input SOAs do not saturate and distort 
the input signal. Another advantage of QWI is that a second active band edge detuned from the as-grown gain peak can 
be defined to create more efficient phase modulators.  

2.2  Separate Absorption and Modulation PFCs 
Two different SAM PFC designs capable of 40 Gbps operation have also been demonstrated as part of the LASOR 

project.5-8 Both approaches combine a transmitter and receiver architecture on a single chip, shown in Figure 2 and 
Figure 5. The photocurrent in a receiver-side photodiode is used to drive a modulator on the transmitter side of the chip 
using a traveling wave electrode without any need for electrical amplification. One advantage of separating the 
absorption and modulation regions is that the need for output filtering of the input signal is eliminated.  

The first design approach uses a Mach-Zehnder modulator (MZM) on the transmitter side. MZMs are an attractive 
option due to their ability to produce zero or negative chirp, high extinction ratios, and short gate opening times. 
Operating the MZM in a series-push-pull fashion places the two arms of the Mach-Zehnder in series along the 
microwave signal path, effectively halving the devices capacitance and providing an increase in bandwidth. With this 
approach, wavelength conversion across the 32 nm laser tuning range showed less than a 2.5 dB power penalty (Figure 
3).5 Furthermore, this device allows conversion back to the input wavelength (which is not possible with the CAM 
device) with no increase in power penalty. 
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Figure 4 – Bit error rate measurements for 40 Gbps RZ input data for the Mach-Zehnder SAM wavelength converter 

As designed, this device does not include an EAM for label encoding and thus cannot be used as a PFC. However, 
the platform used for this device is optimized for monolithic integration of a wide variety of components so an EAM 
could be included for 10 Gbps label writing in future designs.  

SOA

High Power 

SOA

Signal 

Monitor

Photodiode

Abs.
Back 

Mirror
Phase

Gain
Front 

Mirror
SOA

TW-EAMs

SG-DBR Laser
SOA

High Power 

SOA

Signal 

Monitor

Photodiode

Abs.
Back 

Mirror
Phase

Gain
Front 

Mirror
SOA

TW-EAMs

SG-DBR Laser
SOA

High Power 

SOA

Signal 

Monitor

Photodiode

Abs.
Back 

Mirror
Phase

Gain
Front 

Mirror
SOA

TW-EAMs

SG-DBR Laser
SOA

High Power 

SOA

Signal 

Monitor

Photodiode

Abs.
Back 

Mirror
Phase

Gain
Front 

Mirror
SOA

TW-EAMs

SG-DBR Laser

 

Figure 5 - 40 Gbps packet forwarding chip – Schematic representation of the traveling wave EAM field-modulated SAM device and 
an optical micrograph of a chip on carrier. 

The second SAM-based wavelength converter approach we investigated utilized a traveling wave (TW) EAM 
modulator on the transmitter side (Figure 5).6,7 The modulator structure (Figure 6) employs an undercut, deeply etched 
ridge waveguide with a thin intrinsic region. Undercutting the active region provides a significant reduction in diode 
capacitance without the increase in series resistance that would accompany a narrower, lithographically defined ridge 
width. Furthermore, by deeply etching through the waveguide, there is a reduction in fringing capacitance to ground. The 
traveling wave electrode has also been optimized by using a periodically loaded microstrip lines, as shown in Figure 7, 
designed to velocity match the electrical and optical waves along the modulator. This design increases the characteristic 
impedance by a factor of two to 40 Ω, improves the return loss by 10 dB at 20 GHz, and provides an optical bandwidth 
of 30 GHz for a 400 µm device.8  
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Figure 6 – Travelling wave modulator cross section, showing the undercut waveguide design 

Compared to the CAM and SAM-MZM based wavelength converters described above, the TW-EAM wavelength 
converter demonstrates true bit rate transparency up to 40 Gbps in both RZ and NRZ data formats6. Using a bias of -3.8 
V on the modulator, NRZ output extinction ratios were 8.9, 9.4, 9.5, and 8.1 dB for 5, 10, 20, and 40 Gbps data rates, 
respectively. For RZ data rates of 20 and 40 Gbps and a modulator bias of -4.5 V, output extinction ratios of 11.5 and 
10.8 dB were measured, respectively. This wavelength converter design was also extended to include 10 Gbps label 
encoding by incorporating a second TW-EAM on-chip, making the device a true packet forwarding chip.  

Active 
EAM 

Electrode

Passive 
Microstrip 

Active 
EAM 

Electrode

Passive 
Microstrip 

 

Figure 7 - Periodically loaded microstrip lines, designed to provide better matching in group velocities between the optical and 
electrical signals 

The results of packet forwarding experiments using TW-EAM PFCs will be reported in detail elsewhere, but packet 
recovery rates of 100% for simultaneous conversion of payloads and headers has been achieved.  

In addition to bit-rate transparency, the TW-EAM PFC has a number of advantages. First, it ofers a smaller overall 
device footprint (4.1 mm x 0.55 mm). Second, it requires only a single blanket p-type cladding regrowth. However, the 
fabrication process for the TW-EAM is more complex than that of the CAM device (due to the undercut modulator and 
the incorporation of integrated resistors and capacitors) and it also demonstrates a smaller input power dynamic range.  
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Figure 8 - Bit error rate measurement results for 40 Gbps RZ input data for the traveling wave EAM SAM wavelength converter 

2.3 Integrated Optical Buffers 
In order for all-optical routing functions to become viable, technologies for optical buffering to eliminate potential 

contention between packets must be developed and improved. Specifically, these optical buffers must be compact, 
easily integratable with other router functions, and bit-rate scalable to 40 Gbps or more. They should also be 
able to store packets of at least 40 bytes with guard bands of less than a few nanoseconds. Ideally, the bufer 
should be transparent to the packet length and provide the ability to easily vary storage times.  

 

Figure 9 - Schematic of 2x2 switch with amplifiers (bottom)  SEM image of the switch affixed and wire-bonded to a submount (top) 

Most optical buffers attempt to meet these varied goals by using either feedback or feed-forward techniques 
with one-by-two or two-by-two switches, and while reasonable storage times have been demonstrated, no 
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practical integrated solutions have emerged.11 We recently reported a recirculating buffer design capable of 
providing dynamically variable storage time based on a two-by-two InP-based switch.12 

  

Figure 10 – Packet recovery rate as function of received power for buffer tested at 40 Gbps RZ 

The device is based on an SOA gate matrix switch—one of the most promising options for recirculating buffers due 
to its inherent high extinction ratios and fast switching capacity (Figure 9). The amplifiers range in length from 200 
µm for the switching amplifiers to 650 µm for the chip input/output and delay line input/output amplifiers. The 
overall gain is designed to be greater than the total loss by only a few dB so there is slight gain during the first 
few circulations until the amplified spontaneous emission (ASE) builds up to sufficiently high levels that it detracts 
from the signal gain. 
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Figure 11 – Photograph of the optical buffer used in LASOR architecture – InP switch and the silica delay line chip 
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Additionally, to ensure that there are no crossing waveguides and that the chip input/output ports are on the 
opposite side of the chip as the delay line input/output ports, deeply etched 90◦bends are included in the 
device. Since the rest of the device uses surface ridge waveguides, there is some loss associated with the 
transition to the deeply etched waveguide regions.  

Error-free buffering has been demonstrated using this configuration for 40 Gbps data with less than a 1 dB 
power penalty and an input power dynamic range of greater than 15 dB.13 The delay loop was accomplished 
using 450 cm of fiber (or 23 ns). A more compact solution is possible by replacing the fiber delay with a 
silicon or silica-on-silicon waveguide delay chip, Figure 11. A hybrid optical buffer with a low loss silicon 
waveguide delay line and an integrated silicon evanescent gate matrix switch of wafer-bonded InGaAsP/InP 
amplifiers has also been demonstrated.14  

Using an all-III-V device, packet recovery experiments using 40-byte packets at 40 Gbps have shown that up to 
184 ns of storage is possible with a packet recovery of over 98% (Figure 10). For up to four circulations in the 
buffer, the dynamic range has been shown to be error-free over an input power range of 8 dB. Additionally, the buffer 
exhibited more than 40 dB extinction, an overall chip gain (input fiber to output fiber) of approximately 2 dB, and sub-
nanosecond gate switching times. The main limitation of this method of optical buffering is the build-up of ASE 
in the recirculation loop due to the SOAs in the gate matrix. If a 5 nm filter is placed in the delay line, the 
maximum storage time is increased to 230 ns.  

2.4  Monolithic Mode Locked Lasers 
3R regeneration capabilities are essential for a high-performance, all-optical router. Mode-locked lasers (MLL) are an 
attractive choice for pulse shaping and optical clock recovery, offering significant jitter reduction, tunable output pulse 
widths, amplification, without the need for fast electronics.15,16 To our knowledge, we have demonstrated the first MLL 
with integrated SOAs and two, lithographically-defined DBR mirrors (instead of cleaved mirrors) for precise 
determination of the mode-locking frequency (Figure 12). The integration of SOAs onto the chip allow for lower 
input powers and higher output powers, without any significant deterioration of output pulse quality and a 10 dB 
increase in output power. Furthermore, this MLL design can be further integrated into more complex 3R PICs.  

   

Figure 12 - (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 

Both hybrid15 and all-optical16 optical clock recovery have been demonstrated using this PIC. In the hybrid 
case, the input optical data signal is converted to an electrical signal that is used to modulate the saturable absorber 
(SA) in the MLL. Using an intentionally degraded, 35 Gbps 231-1 PRBS signal the device had a pulsewidth of 
6.3 ps, an output power of 8.3 dBm, and over 12 dB of extinction. The jitter in the input signal was reduced from 
2.23 to 1.14 ps. The output pulse width was measured with a second-harmonic-generation (SGH) autocorrelator and 
could be varied between 3.5 and 8.9 ps  by changing the bias conditions (Figure 12). Bit error rates with the output 
clock gated by the input data and sent to a receiver with input signal degradation is also shown in Figure 12. 
Packet injection was also examined with a locking time of 800 ps to 3 ns depending on biasing conditions, 
indicating that packet clock recovery is also possible.  

For all-optical clock recovery, the data is coupled directly into the input SOA adjacent to the rear mirror of the MLL.  
Over a 3 ps difference (between 6.7 and 10 ps) in the full width at half maximum (FWHM) of the output pulse could be 
achieved by tuning the bias conditions on the laser. All optical clock recovery with varying output pulse widths was thus 
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possible for a 35 Gbps RZ input data stream (Figure 9b). The relatively narrow output clock pulsewidth is ideal for 
gating applications.  

Although the device was designed for 35.0 GHz operation due to system measurement limitations, it could easily be 
adjusted to perform at 40 GHz or more with a highly precise locking frequency. More interestingly, this design 
could be integrated directly with a PFC chip (either the CAM or SAM style) to create a fully integrated 3R regenerator.  

2.5  Conclusions 
Significant advances have been made towards the realization of highly integrated all-optical router PIC technology. 

Specifically, both SOA-based and field-effect-based wavelength converters with error-free 40 Gbps packet 
forwarding capability have been demonstrated. The TW-EAM based PFC also demonstrate bit-rate transparency 
up to 40 Gbps and can operate in both RZ and NRZ formats. We have also demonstrated the best performance 
to the best of our knowledge of optical buffering in an approach that is suitable for monolithic integration. 
Finally, we have made important advances towards a fully integrated 3R regenerator. Using an MLL with 
integrated SOAs, all-optical clock recovery with tunable output pulsewidths has been demonstrated. Since 
each of these technologies has been demonstrated in an InP platform, it may eventually be possible to 
integrate all of these building blocks simultaneously to realize a single-chip, all-optical router. 
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Abstract: We demonstrate a single-chip 40 Gb/s wavelength converter based on an SG-DBR laser and field-
modulated optical gate.  This device also performs 10 Gb/s label encoding for all-optical packet forwarding. 
     
2008 Optical Society of America 
OCIS codes:  (230.7405)   Wavelength conversion devices, (140.3600)   Lasers, tunable (250.7360)   Waveguide 
modulators.  

1. Introduction 

Wavelength division multiplexing (WDM) has become the enabling technology for utilizing the available bandwidth 
(BW) in fiber optic links.  However, as BW usage increases, the capacity of the network nodes must be scaled to 
accommodate larger amounts of data received and transmitted through each fiber.  The capacity of today’s OEO 
routing architecture will soon approach its limit in terms of processing and buffering requirements, as well as overall 
power dissipation.  To resolve these issues, next generation WDM networks will necessitate that much of the routing 
functionality be performed in the optical domain. One proposed method is all-optical label switching, which allows 
individual IP packets to be optically routed by dynamic wavelength assignment [1].  Labels which are written onto 
each payload are identified using a look-up table to control the output wavelength of a tunable wavelength 
converter.  This type of architecture allows for minimal electronic processing and can support very high bit rates, 
since only the labels must be electronically recovered at each node.   

In this work, we present a novel packet forwarding chip (PFC) which can be used as the core component for label-
switched routing.  This device performs wavelength conversion of data up to 40 Gb/s and additionally has the 
capability to write, or rewrite labels at 10 Gb/s.  Wavelength conversion is accomplished by a field modulation 
technique, which combines a high-power receiver with an electroabsorption modulator (EAM) to create a high-
speed optical gate.  The EAM modulates the output of an on-chip tunable laser to transcribe the input data signal 
onto the selected output wavelength of an on-chip tunable laser.  A second EAM is also integrated in this device to 
allow external modulation for label encoding to the same output wavelength. 

 
 
Fig. 1.  (left) Field modulated PFC diagram depicting wavelength conversion and label writing functions.  (right) 
Schematic of fabricated device showing integrated components.  Footprint is 4.0 mm x 0.55 mm.    

Although similar packet forwarding chips using SOA-based wavelength conversion have previously been 
demonstrated [2], the field-modulated approach offers a number of advantages for optical routing applications.  
These include increased network transparency, conversion to a similar (or the same) wavelength as the input signal, 
and elimination of optical filtering requirements at the output.  Furthermore, field-modulated wavelength converters 
have demonstrated the potential for 2R, or 3R regeneration [3], which will be beneficial for cascaded optical routing 
through multiple nodes.    

2.  PFC design 

The PFC is a highly-complex photonic integrated circuit that requires multiple components with diverse 
functionalities on a single chip.  The device is separated into two ridge-waveguide regions which differentiate 
between the receiving and transmitting functions of the device.  The receiver side consists of two SOA preamplifiers 
followed by a high-power photodiode (PD).  The transmitter side consists of a widely tunable sampled grating (SG)-
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DBR laser, followed by an output SOA and two parallel EAMs.  The SG-DBR laser light is coupled through both 
EAMs using a 1x2 MMI splitter followed by a 2x2 MMI combiner at the output.  Figure 1 shows a basic diagram of 
the PFC architecture as well as a device schematic showing each of the components drawn to scale.   

This device was fabricated using a dual quantum well integration platform [4] on a S-doped InP substrate.  The layer 
structure consists of a single waveguide core with two multi-quantum-well (MQW) stacks.  An offset MQW 
provides gain for the active components while the centered MQW is designed to provide modulation efficiency.  
The offset MQW is selectively removed from passive regions prior to a single blanket regrowth of the p-type InP 
cladding and p-contact layer. Wavelength conversion relies on directly driving the EAM with the PD photocurrent; 
therefore achieving high output saturation power in the receiver is very important.   To improve the receiver 
saturation characteristics, the PFC uses a laterally flared waveguide SOA design followed by an offset MQW-PD [5].  
In this device, the receiver is capable of 20 dB of gain with 32 mA of DC photocurrent generation at the 1-dB gain-
compression output power.  We have implemented an advanced traveling wave (TW) design in the EAMs to achieve 
very high BW. Both the converting and label-writing EAM make use of periodic microstrip electrodes and 
selectively undercut waveguide geometry to raise the characteristic impedance and improve velocity matching [6]. 
The absorption-edge of the centered MQW (10 wells) has been chosen to be 1470 nm to achieve low passive loss 
but high modulation efficiency when biased. Under reverse bias, the 250 �m long modulator achieves 10-14 dB/V 
modulation efficiency across 30 nm of tuning from the SG-DBR laser.  Integrated thin film resistors (25 �) are also 
included to terminate the EAMs and simplify biasing.   

 
(a)                                        (b)                                                          (c) 
 
Fig 2.  (a) 40 Gb/s back-to-back (1550 nm) and wavelength converted eye diagrams (1550�1548 nm)  (b) Wavelength 
converted BER measurements for varying input wavelength  and (c) varying output wavelength compared with back-to-
back transmission.  

3. Wavelength Conversion Performance 

The wavelength conversion performance of the PFC has been evaluated by bit error rate (BER) measurements using 
40 Gb/s RZ data.  The receiver SOAs were biased to 8 kA/cm2

,, which was determined to give the highest saturation 
power. The SG-DBR gain section and output SOA were biased to 5.5 kA/cm2 and the mirror currents were tuned to 
achieve the desired output wavelength.  The PD-EAM gate bias was chosen to be between -3.5 V and -5.0 V, 
determined by the maximum slope efficiency of the EAM at each output wavelength. The optimal input power into 
the device was found to be a trade off between achieving the maximum photocurrent swing and minimal pattern 
dependence caused by receiver saturation.  For RZ data, the optimal input power was determined to be -6.6 dBm, 
which is slightly below the 1-dB compression point of the receiver.  Using this input power, BER measurements 
were performed for varying input wavelengths to and varying output wavelengths from the PFC.  Figure 2 shows the 
BER measurements for the wavelength converted signals compared with back-to-back transmission.  The back-to-
back data was taken at the same wavelength as the output of the PFC to eliminate the wavelength dependence in the 
measurement setup.  For 25 nm of input tuning, and 22 nm output tuning, error free operation was achieved with less 
than 2 dB power penalty compared with the back-to-back.  This includes the case of conversion to the input 
wavelength (1548 nm � 1548 nm).  The power penalty shows a minimum when the input wavelength corresponds 
to the gain peak of the receiver SOAs (1550 nm).  The output extinction ratio of the converted signal was measured 
to be between 10 and 12 dB in all cases.  The facet-to-facet conversion efficiency, defined as the ratio of output 
power to input power, was measured to be between -3 dB and -8 dB..  The lowest conversion efficiency occurred at 
the shortest output wavelength (1537 nm), due to higher passive loss..  The total power dissipation measured for the 
PFC during 40 Gb/s RZ PRBS wavelength conversion was 1.5 W.   
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4.  Label Writing Performance 
 

Demonstrations of optical label writing have been performed using PRBS data to modulate the EAM in the other 
transmitter arm of the PFC.  The slower modulation rate of 10 Gb/s NRZ was chosen so that labels could be more 
easily processed by control electronics in the router architecture.    A 2.0 V peak-to-peak drive signal was applied by 
directly contacting the chip with a ground-signal-ground probe.  Again, the DC bias for the EAM was adjusted to 
take advantage of the maximum modulation efficiency for each wavelength.  Figure 3 shows the BER for the 10 
Gb/s modulation for varying output wavelengths, along with corresponding eyes diagrams.  The output extinction 
ratio was measured to be 9-10 dB and the output power was -6 to -6.5 dBm.  Less than 1 dB power penalty over the 
output tuning range was observed.    

 
 

Fig 3. BER measurements for 10 Gb/s NRZ optical label writing for varying SG-DBR wavelengths.  Insets show 
corresponding eye diagrams with 2.0 V peak-to-peak drive. 

5. Conclusion 

This work has discussed the design and performance of the first field-modulated packet forwarding chip, which can 
be used for label-switched optical routing.  This device demonstrates error free wavelength conversion at 40 Gb/s 
for over 22 nm of input and output wavelength tuning, with less than 2 dB power penalty compared with back-to-
back transmission. Output extinction ratios of greater than 10 dB were measured.   This device also enables 10 Gb/s 
label encoding, with greater than 9 dB extinction for a 2.0 V drive.  Future work is focused on dynamic 
characterization of this device including fast wavelength switching and label encoding of individual packets to 
demonstrate wavelength selected routing. 

 
The authors acknowledge the funding support of the DARPA/MTO/ARL DOD-N program under the LASOR 
project award number W911NF-04-9-0001.  

References 
[1] Blumenthal, D.J. et al. “All-optical label swapping networks and technologies,” J. of Lightwave Technol. Vol.      
      18, pp. 2058-2075 (2000)  
[2]  Lal, V. et al. “Monolithic wavelength converters for high-speed packet-switched optical networks”  J. of  
      Lightwave Technol. Vol. 13 pp. 49-57 (2007) 
[3] Sysak, M.N et al. “Optical 2R and 3R signal regeneration in combination with dynamic wavelength switching  
      using a monolithically integrated, widely tunable photocurrent driven wavelength converter,”  Proc. European  
      Conf. on Optical Communication Th3.4.1 (2006)   
[4] Sysak, M.N. et al. “A single regrowth integration platform for photonic circuits incorporating tunable SGDBR  
      lasers and quantum-well EAMs”  Photon. Technol. Lett., IEEE vol. 18, pp 1630-1632, (2006) 
[5]  Tauke-Pedretti,  A et al.” High saturation power and high gain integrated photoreceivers” Photon. Technol.    
       Lett., IEEE vol. 17, pp 2167-2169, (2005) 
[6] Dummer, M. M. et al “Periodic Loading and Selective Undercut Etching for High-Impedance Traveling-Wave  
      Electroabsorption Modulators,”  Proc. Optical Fiber Communications Conf  (2008)   

       a1580_1.pdf  
        OThG3.pdf  
 

© 2009 OSA/OFC/NFOEC 2009
       OThG3.pdf 

 

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on December 8, 2009 at 16:52 from IEEE Xplore.  Restrictions apply. 



The World’s First InP 8x8 Monolithic Tunable Optical 
Router (MOTOR) Operating at 40 Gbps Line Rate per Port 

 
Steven C. Nicholes*, Milan L. Mašanović†, Biljana Jevremović†,  
Erica Lively†, Larry A. Coldren†,*, and Daniel J. Blumenthal† 

*Department of Materials 
†Department of Electrical and Computer Engineering 

University of California, Santa Barbara 93106 
Email: snicholes@engineering.ucsb.edu  

 
 

Abstract: We demonstrate the first InP monolithic tunable optical router with error-free 40 Gbps 
operation per port. The device has eight wavelength converters and an 8x8 arrayed-waveguide 
grating router, yielding more than 200 on-chip functional elements. 
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1. Introduction 
Advanced photonic integrated circuits (PIC) in InP are a critical technology for next-generation optical networks 
[1,2]. In addition to a reduced device footprint and the elimination of component-to-component coupling losses, 
PICs also provide a path to scale networks to higher bandwidths with a lower power consumption requirement than 
that of electronic routers. Although devices like advanced transmitters and wavelength converters that exploit these 
benefits have been realized [3-5], there have only been a few demonstrations of large-scale integration in InP [2]. 
  In this paper, we report on the world’s first 8-channel monolithic tunable optical router (MOTOR) operating at 40 
Gbps per port. The InP/InGaAsP device integrates an array of 8 tunable wavelength converters (WC) with a low-loss 
passive 8x8 arrayed-waveguide grating router (AWGR) and functions as a wavelength-based switching element. The 
MOTOR chip requires a very high level of integration with more than 200 integrated functional elements. 
 
2. Device Design 
A schematic of the overall MOTOR chip is shown in Fig. 1a. The details of a single input channel are shown in Fig. 
1b. Each individual tunable wavelength converter has a high degree of complexity, consisting of a sampled-grating 
DBR (SG-DBR) laser, semiconductor optical amplifiers (SOAs), passive phase shifters, an integrated differential 
delay line, MMIs, and variable optical attenuators. The SG-DBR is operated in the continuous wave regime and 
consists of five sections: an active gain section, front and back tuning mirrors, a phase tuning pad, and an active 
absorber. For wavelength conversion, the CW light generated by the on-chip SG-DBR laser is used inside an SOA-
based, differentially-delayed Mach-Zehnder interferometer (MZI). In the MZI region, nonlinear (i.e., highly 
saturable) SOAs are used so that input pulses deplete the carriers in the SOA causing cross phase modulation of the 
SG-DBR generated light. Additionally, two SOAs are used to amplify the input data signal before the MZI, and two  
 

    
(a) 

 
(b) 

Figure 1. Schematic of the MOTOR chip: (a) overall device; (b) close-up of the wavelength converter design. 



SOAs are used to boost the output power of the SG-DBR, one in each branch of the MZI. The differential integrated 
delay line is used to overcome carrier recovery time limits at 40 Gbps in the MZI SOAs. Low power penalty 
wavelength conversion at 40 Gbps in the RZ data format using a stand-alone device similar to Fig. 1b was 
demonstrated previously [3]. The output of the wavelength converter is connected to the AWGR, which passively 
routes the converted signal based on the new wavelength of the data, as set by the SG-DBR [6].  
 The integration platform supports both active and low-loss elements using a novel, single regrowth, quantum-
well intermixing approach. This platform allowed us to reduce absorption losses in the AWGR and delay line 
regions by exploiting an undoped InP setback layer in the passive sections of the device [7] while optimizing active 
functions. The chip has 3 different waveguide types: a surface ridge waveguide design in the wavelength converter 
section, a high-contrast deeply etched waveguide in the delay line for compactness, and a buried rib waveguide in 
the AWGR region for low scattering losses. The epitaxial structure consisted of 10 compressively-strained quantum 
wells (QW) centered in a quaternary waveguide. Quantum-well intermixing was used to blue-shift the band-edge of 
all passive regions. The completed chip was soldered to a copper mount and held at 16°C during operation. 
 
3. AWGR Performance 
The performance of the AWGR was characterized using on-chip light sources and an optical spectrum analyzer 
(OSA). First, amplified spontaneous emission (ASE) was generated by forward biasing the MZI SOAs on a single 
WC, and the output of each egress port was fiber coupled to the OSA (Fig. 2a). The free spectral range (FSR) of the 
AWGR was measured to be 11.1 nm. Next, the MZI SOAs of each WC were biased and the resulting spectrum was 
measured from a single output port (Fig. 2b). By changing the biasing conditions on the front and back mirrors of 
the SG-DBR, the laser can be tuned to any of the allowed output wavelengths of a given port in order to achieve full 
channel switching (Fig. 2c). Lastly, the single-channel crosstalk of the AWGR was found to be 16 dB or more.  
 

 
   (a)        (b)                (c) 

 
Figure 2: Output response of the integrated AWGR: (a) measured optical output from all output ports using input WC port #3; (b) measured 

optical output from output port #2 using each input WC port; and (c) lasing spectra for different biasing conditions using the SG-DBR of input 
WC port #3 superimposed on the ASE spectrum for that channel, all measured from output port #1. 

 
4. Wavelength Conversion and Routing Results 
The MOTOR chip was tested during single-channel operation using PRBS 231-1 data at 40 Gbps. The RZ data signal 
was amplified with an erbium doped fiber amplifier (EDFA) and was transmitted through an attenuator to control 
the power level, a 5-nm filter to remove ASE, and a polarizer to ensure TE polarization before it was coupled into 
the chip. The fiber-coupled output was passed through a 5-nm filter to remove the original input signal and was 
transmitted to a preamplified receiver. Bit-error-rate (BER) measurements were made using a 40 Gbps SHF BERT.  
 Fig. 3 shows the BER and eye diagrams for multiple input channels while monitoring a constant output port 
(Input WCs #1 and #5 each had a ridge defect near the MZI, and Input WC #2 had a shorted preamplifier and thus 
data are not shown for these channels). Additionally, Fig. 4 shows the BER results for two different output ports 
using a constant input channel and open eye diagrams for all eight output ports. These results indicate error-free 
operation. The measured power penalties at a BER of 10-9 for the conversion and routing process range from 
approximately 4.3 to 6.9 dB (depending on the input port). 
 The noise floor and high power penalty are likely attributable to two main factors. First, the tested MOTOR chip 
was not antireflective (AR) coated. Given the high output powers of the centered gain regions, it is probable that 
minor reflections exist in the device during operation. Second, to minimize regrowth quantity and complexity, the 
input preamplifier SOAs are made from the centered QW band-edge. Because there is a relatively high modal 
overlap with the centered wells, the output saturation power of the SOA is low. In order to provide enough gain to 



 

Figure 3. 40 Gbps BER measurements and eye diagrams for various input ports monitored at output port #5. 

 

Figure 4. 40 Gbps BER measurements and eye diagrams for input port #3 and various output ports. 

the input signal to deplete the MZI SOAs of carriers and modulate the MZI, the preamplifier SOAs had to operate in 
the nonlinear regime. This resulted in pattern distortion effects and an increased BER. Future MOTOR designs with 
AR coatings and an optimized preamplifier structure with combined centered and offset QWs are planned to address 
these issues. 
 
5. Conclusion 
We report demonstration of the world’s first InP 8x8 monolithic tunable optical router (MOTOR) capable of error-
free 40 Gbps operation per port. The device represents one of the most densely-integrated InP chips ever reported, 
with more than 200 integrated functions and power penalty as low as 4.3 dB at 40 Gbps. Improved power penalty is 
expected with future designs employing AR coatings and optimized preamplifier SOAs.  
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Abstract—We present a high-functionality photonic integrated
circuit that performs field-modulated wavelength conversion. This
device incorporates an on-chip sampled grating distributed Bragg
reflector laser for wide tunability. Wavelength conversion is accom-
plished using a preamplified semiconductor optical amplifier pho-
todiode receiver interconnected with a traveling-wave modulator
to form a high-speed optical gate. This paper discusses the design
and performance of this device, as well as its potential for optical
packet switching applications. Error-free wavelength conversion
is demonstrated at 40 Gb/s with 1–3 dB power penalty compared
with back-to-back transmission over 22 nm of input and output
tuning. Output extinction in all cases is greater than 9 dB, and con-
version efficiency ranges from −2 to −6 dB over the tuning range.
This device additionally demonstrates the capability for external
10 Gb/s modulation, which can be used for optical label encoding.

Index Terms—Electroabsorption, semiconductor amplifiers,
traveling-wave devices, tunable lasers, undercut etching, wave-
length conversion.

I. INTRODUCTION

THE WIDESPREAD use of wavelength-division multiplex-
ing (WDM) has greatly increased the capacity in today’s

fiber optic networks. As WDM networks continue to grow in
complexity, methods for dynamic wavelength management, and
especially wavelength conversion, have become increasingly
important. Wavelength conversion allows for effective resolu-
tion of signal contention in high traffic networks, allowing for
better utilization of available network bandwidth [1]. Further-
more, wavelength converters have been proposed as the key
switching elements for all-optical routing in next-generation
networks.

The capacity of today’s optical–electronic–optical (OEO)
routing architecture is rapidly approaching its limit in terms
of processing and buffering requirements, as well as overall
power dissipation. To resolve these issues, future networks will
necessitate that many of the routing functions be performed in
the optical domain. One solution that has been offered is all-
optical label switching, which allows individual IP packets to
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be optically routed by dynamic wavelength assignment [2]. In
this type of routing architecture, individual labels that accom-
pany each payload are identified by the node, and the destination
of the packet is determined using a lookup table. The output of
a wavelength converter is then tuned to the proper wavelength
to route the packet through an arrayed waveguide grating to the
desired port. This type of architecture allows for minimal elec-
tronic processing and can support very high bit rates, since only
the labels must be electronically recovered at each node.

Making the leap to optically packet switched networks will
require an efficient and scalable technology for performing
high-speed wavelength conversion. Photonic integrated circuits
(PICs) are an attractive solution for achieving high functionality
with low cost. Compared with discrete optical components, such
PICs offer small footprint, simplified packaging, low optical
loss, and reduced power dissipation, all of which are necessary
for a viable wavelength conversion technology.

Of particular interest are PICs that incorporate a widely tun-
able laser source on chip. To date, two different methods for
single-chip wavelength conversion have been demonstrated. The
first of these is a carrier-modulated approach, which takes ad-
vantage of nonlinearity in a semiconductor optical amplifier
(SOA) to achieve cross-gain modulation (XGM) or cross-phase
modulation (XPM) between an input data signal and the on-
chip continuous-wave (CW) signal [3]. The switching speed
of these devices is limited by the carrier lifetime in the satu-
rated SOA, which typically limits the operating bandwidth to
10 Gb/s. However, more recently, differential interference tech-
niques have been used to demonstrate 40 Gb/s in a monolithic
device [4], [5].

An alternative approach to wavelength conversion is based
on modulation of the electric field, as opposed to modulation
of the carrier density in the SOA case. Field-modulated devices
make use of an interconnected photodiode (PD) and either an
electroabsorption modulator (EAM) or Mach–Zehnder modula-
tor (MZM) to form a high-speed optical gate. Such optical gates
have been used to demonstrate wavelength conversion at data
rates as high as 100 Gb/s [6]. The field-modulated approach
offers a number of advantages for optical routing applications.
These include increased network transparency, conversion to a
similar (or the same) wavelength as the input signal, and elimina-
tion of optical filtering requirements at the output. Furthermore,
field-modulated wavelength converters have demonstrated the
potential for 2R, or 3R regeneration [7], which will be beneficial
for cascaded optical routing through multiple nodes.

1077-260X/$25.00 © 2009 IEEE
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Fig. 1. Schematic diagram of the device design depicting both wavelength
conversion and label writing functionalities.

Fig. 2. Photograph of fabricated wavelength converter. The total footprint is
4.1 mm × 0.55 mm.

In previous monolithic devices, 10 Gb/s operation has been
demonstrated using an EAM [8], and 40 Gb/s operation has
been demonstrated with a series push–pull MZM [9]. This
paper presents the first demonstration of monolithic 40 Gb/s
wavelength conversion using an electroabsorption-based de-
vice. Error-free operation with less than 3 dB power penalty
is achieved over 22 nm of input and output tuning range.

For efficient utilization of bandwidth in optical packet switch-
ing, it is desirable for the optical label to be encoded on the same
carrier wavelength as its corresponding payload. Therefore, we
have designed this device with the capability to encode 10 Gb/s
labels as well, using a separate modulation region. Over the
same wavelength range, 10 Gb/s transmission is demonstrated
error-free.

II. DEVICE ARCHITECTURE AND FUNCTIONALITY

This wavelength converter incorporates all of the elements
of a widely tunable transceiver onto a single InP chip. The
device is comprised of two separate waveguide regions that
are responsible for the receiver and transmitter functionality. A
schematic depicting the general layout of the wavelength con-
verter is shown in Fig. 1. On the receiver side, there are two SOA
preamplifiers followed by a high-power p-i-n PD. The transmit-
ter side contains a widely tunable sampled grating distributed
Bragg reflector (SG-DBR) laser, consisting of a gain and phase
section between two SG mirrors, followed by an output SOA.
The light from the SG-DBR laser is divided into two paral-
lel traveling-wave EAMs using a 1× 2 multimode interference
(MMI) splitter. One of the EAMs is directly connected to the PD
to form a high-speed optical gate to perform wavelength conver-
sion. The other EAM can be electrically driven to function as a
transmitter for encoding labels onto individual IP payloads. The
two EAM branches are combined again by a 2× 2 MMI before
being emitted from the chip. The parallel EAM configuration
allows the wavelength conversion and label-writing functions to
take place independent of one another, with a simple bias config-
uration. A picture of the final fabricated device is shown in Fig. 2.

The operation of the optical gate for wavelength conversion
can be described by a three-step process, as shown in Fig. 3.

Fig. 3. Example of the three-part transfer function for the field-modulated
optical gate. Circuit diagram is shown in the lower left.

First, the input signal, which is optically preamplified by the
receiver SOAs, is incident on the PD to generate photocurrent.
This current is dissipated by a load resistor, which provides
the transimpedance to change the voltage across the EAM. The
corresponding change in electric field reduces the absorption
in the EAM from its normally “OFF” state, thereby opening the
gate. In this way, the input signal can be transcribed onto any new
output wavelength within the tuning range of the SG-DBR. The
efficiency of the gate is dependent on the gain of the receiver
and the extinction characteristics of the EAM, as well as the
resistor value selection. The individual component performance
will be further discussed in Section IV.

For this device, a thin-film load resistor has been integrated
onto the chip. A dc-blocking capacitor is also incorporated to al-
low for simple reverse biasing of the PD and EAM with a single
dc voltage. The on-chip termination allows wavelength conver-
sion to be performed without any external microwave circuitry
or bias tees, and greatly simplifies packaging and operation [8].
The bias configuration is shown in Fig. 3. A similar resistor and
capacitor are also used to terminate the label-writing EAM.

III. DUAL QUANTUM WELL INTEGRATION PLATFORM

As described before, this field-modulated wavelength con-
verter requires the integration of four types of optical compo-
nents with diverse functionalities. These include the gain el-
ements, i.e., laser and amplifier, and the absorption elements,
i.e., modulator and PD. In addition, low-loss passive regions
are also desirable for transporting signals between the compo-
nents. Therefore, a versatile integration platform is essential for
achieving optimal device performance. In this case, we have
adopted a dual quantum well (DQW) integration platform as
described in [10].

The epitaxial layer structure consists of a single InGaAsP
waveguide core surrounded by upper and lower InP cladding
layers shown in Fig. 4. Within the core, there are two different
multiquantum well stacks. An upper set of seven offset quantum
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Fig. 4. DQW integration platform. The layer structure chosen for each region
of the chip is denoted.

Fig. 5. Index and optical mode profile for the “active” (dotted) and “passive”
(solid) regions of the device.

wells (OQWs) with a band edge corresponding to 1540 nm is
used to provide optical gain. A second set of ten quantum wells
centered in the core (CQW) is detuned 70 nm from the operating
wavelength (λQW = 1470 nm) and is used to provide modulation
efficiency under reverse bias. Active and passive regions of the
device are defined by selectively removing the OQWs prior to
regrowth of the upper InP cladding. A simulation of the optical
mode profile in both the active and passive sections is shown in
Fig. 5.

The DQW platform is advantageous because it can be im-
plemented with only a single blanket regrowth, and therefore,
allows for relatively simple fabrication and high yield. How-
ever, because this platform provides only two distinct bandgap
regions within the chip, there are inherent tradeoffs in perfor-
mance for each of the device components. For example, because
both the SOAs and the laser make use of the same OQW gain
material, a compromise must be made between the laser gain
and amplifier saturation power. Similarly, because the CQWs

Fig. 6. Schematic of the SG-DBR laser cross section showing the waveguide
structure of the gain, phase, and mirror sections.

are present throughout the entire wafer, the band edge of these
wells must be carefully chosen to balance modulation efficiency
of the EAM under reverse bias with passive waveguide loss in
the unbiased regions. Finally, the DQW does not allow for an
optimal PD structure to achieve both high bandwidth and high
saturation power. While the best reported high-power PDs typi-
cally make use of bulk absorbing in conjunction with an intricate
doping scheme, as in unitraveling carrier (UTC) [11], [12] or
partially depleted absorbers (PDAs) [13], this is not possible
without an additional regrowth. For simplicity, we have instead
chosen to implement a QW pin detector by using the offset
gain region under reverse bias as the absorbing medium. By
proper design of the device geometry, these PDs are capable
of high-bandwidth operation (40 Gb/s) and good responsivity
(1.00 A/W).

IV. INTEGRATED COMPONENTS AND CHARACTERIZATION

The performance of each of the integrated components has
been optimized within the limits of the DQW platform. Here, we
discuss the design and the characterization of these components,
and their overall impact on the performance of the wavelength
converter.

A. SG-DBR Laser

The SG-DBR laser was chosen for this paper because of its
robust fabrication process and ease of integration. The laser
consists of a 550-µm-long active gain section and a 50-µm-
long phase section, surrounded by two mirrors, as shown in
Fig. 6. The mirrors make use of periodic gratings, patterned
by holographic lithography, to obtain a comb-like reflectivity
spectrum. Because the sampling period differs between the front
and back mirrors, current injection can be used to shift the
relative reflectivity of each of the mirrors to select out a single
supermode. This principle allows for Vernier-based tuning to
achieve lasing over a wide wavelength range [14].

Fig. 7 shows the measured LIV characteristic for the integrated
laser. The optical power was measured on chip by reverse biasing
the output SOA. The threshold current for the device is 45 mA,
and 19 mW of power is possible when biased up to 150 mA.
The 400-µm-long output SOA additionally produces up to 6 dB
of gain. However, it is typically driven with a lower current to
limit the amplified spontaneous emission (ASE) contribution.
The laser demonstrates continuous tuning over the range of
1524–1564 nm, as shown by the overlaid supermode spectra
in Fig. 8. The fiber-coupled output power after the modulation
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Fig. 7. SG-DBR laser LIV characteristic.

Fig. 8. Overlaid output spectra of nine supermodes from the SG-DBR laser.

region ranges from −2 to 4 dBm, and greater than 30 dB side-
mode suppression is observed over the entire tuning range.

B. Traveling-Wave EAMs

For the modulators in this paper, we have implemented a
traveling-wave (TW) electrode design such that the electrical
signal copropagates with the optical wave to achieve coherent
interaction along the device length. With this configuration, it
is possible to surpass the traditional RC frequency limitation
of the device so that very high bandwidth can be achieved.
In a TW-EAM, the instantaneous forward traveling voltage
on the electrode is directly proportional to the characteristic
impedance Z0

V + = Z0Iphoto . (1)

Therefore, for the given amount of photocurrent from the PD
(Iphoto), it is advantageous to raise Z0 to achieve a higher drive
voltage, and consequently, improve the modulation efficiency.
Here, we have implemented two techniques for raising the char-
acteristic impedance, both of which involve reducing the capaci-
tance per length of the TW-EAM. The first is selective undercut
etching of the modulator waveguide to reduce the underlying
junction capacitance [15], [16]. This requires first transitioning
from a surface ridge waveguide into a deeply etched structure in

Fig. 9. SEMs of a high-impedance TW-EAM structure. (a) Periodic microstrip
electrode design. The modulator has been cleaved halfway along the length.
(b) Cross section of the ridge waveguide with selectively undercut intrinsic
region for low capacitance.

the modulator region. A lateral selective wet etch with sulphuric
acid and hydrogen peroxide is then used to reduce the width of
the InGaAsP intrinsic region. In this case, the EAM waveguide
width has been reduced from 3 µm down to 1.1 µm wide, as
shown in the SEM cross section in Fig. 9.

The second technique that has been utilized is periodic
loading of the transmission-line structure. By alternating be-
tween high-impedance microstrip sections and capacitively
loaded modulation sections, a higher average impedance can
be achieved [17]. The EAMs in this paper are designed with
five 50 µm stages for a total modulation length of 250 µm.
The periodic electrode, as shown in Fig. 9, uses a 1:3 ratio of
loaded to unloaded sections. The lengths of the electrical and
optical paths through the EAM are designed such that the prop-
agation times are equal to provide effective velocity matching.
Together with the undercut etched waveguide, the periodic elec-
trode structure effectively doubles the characteristic impedance
of the TW-EAM from 20 to 40 Ω. The integrated load resistor
value (25 Ω) is intentionally lower than Z0 to create a reso-
nant reflection that leads to an enhancement in the frequency
response. From previously fabricated modulator test struc-
tures, we estimate the 3-dB bandwidth of the TW-EAM to be
>45 GHz.

The dc extinction of the TW-EAM has been measured across
the tuning range of the SG-DBR laser. Fig. 10 shows the ex-
tinction characteristics for varying reverse bias. The peak mod-
ulation efficiency ranges from 10 to 14 dB/V over 30 nm of
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Fig. 10. DC extinction characteristic for the 250-µm TW-EAM over the tuning
range of the SG-DBR.

wavelength tuning. The efficiency is the highest at the shortest
wavelength, where the detuning from the absorption edge of
the CQW is the least. However, the shorter wavelengths also
incur higher insertion loss. The modal passive waveguide loss
in the device has been measured to be between 4 and 11 cm−1

(1.74–4.78 dB/mm) for wavelengths from 1562 to 1528 nm.
The undercut waveguide structure in the EAM adds an addi-
tional 7 cm−1 (3.0 dB/mm) of modal loss. This is possibly due
to increased overlap of the mode with the zinc-doped upper InP
cladding in this region, which results in higher absorption.

C. SOA-PD Receiver

Since there is no electronic amplification of signals in this de-
vice, wavelength conversion relies on directly driving the EAM
with the photocurrent from the PD. Therefore, achieving high
saturation power in the SOAs and PD is very important for
generating high voltage swing and minimal pattern dependence
caused by slow carrier lifetimes. The two-section receiver SOA
uses a short (400 µm) gain stage followed by a long (800 µm)
high-power stage. The two-stage design enables independent
biasing of the two amplifiers so that the input power into the
second stage can be adjusted to achieve the maximum output
without signal degradation. A signal monitor pad between the
two SOAs offers the possibility for implementing automatic
gain control with an external feedback circuit, although this has
not yet been demonstrated.

The low confinement factor (0.07) of the OQW gain region
is beneficial for providing SOAs with high saturation power. To
further increase the saturation power in the second stage, the
width of the waveguide is flared to reduce the optical power
density as the total power increases. By linearly flaring the
the ridge from 3 to 12 µm wide, the saturation power can be
increased by 4 dB [18]. In this case, the 1-dB output compression
power of the second receiver SOA is 16.3 dBm.

Under reverse bias, the OQW material provides a modal ab-
sorption coefficient of 450 cm−1 , which allows for short PDs
with high quantum efficiency. However, using QWs as the ab-
sorbing medium in the PD introduces the possibility of space
charge accumulation under high-power illumination. To im-
prove the saturation power of the QW-PD, the front end of

Fig. 11. SEM of the receiver depicting the flared ridge SOA followed by the
high-power QW PD.

Fig. 12. Measured receiver gain and generated photocurrent as a function of
input power.

the detector is kept wide, similar to the SOA, to reduce the op-
tical power density. As the power is absorbed along the length,
the waveguide is tapered to reduce the total capacitance. An
SEM of the receiver structure depicting the flared and tapered
waveguide is shown in Fig. 11. For the 35-µm-long PD, tapered
from 9 to 5 µm, the bandwidth is greater than 20 GHz and −3 V
bias is sufficient to maintain unsaturated operation with 20 mA
of average photocurrent.

Because the gain material is comprised of compressively
strained QWs, the receiver is highly polarization sensitive.
Therefore, the input polarization was adjusted to TE orienta-
tion in all experiments. Fig. 12 shows the gain and photocurrent
generated by the receiver for a 1550-nm CW input signal. For
dc biases of 70 and 310 mA on the two SOAs and −3.0 V on
the QW pin PD, the total gain of the receiver is about 20 dB.
The maximum photocurrent observed is greater than 60 mA.
However, at this operating point, the SOA gain has signifi-
cantly rolled off due to saturation. The 1-dB gain compression
point occurs at an input power of −6 dBm. This corresponds
to 32 mA of linear dc photocurrent available for driving the
TW-EAM.
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Fig. 13. Photograph of DUT mounted and wirebonded to an AlN carrier.

V. WAVELENGTH CONVERSION EXPERIMENTS

A series of wavelength conversion experiments have been
performed to characterize the overall device performance. For
these experiments, the device was soldered to an aluminum ni-
tride carrier and wirebonded such that a single dc probe card
could be used to apply all dc biases (Fig. 13). A 0.22-µF capac-
itor was mounted on the carrier and placed in parallel with the
on-chip capacitor to improve the low-frequency response of the
optical gate circuit. Input and output signals were coupled to
and from the chip using conically tipped lensed fibers. The tem-
perature of the copper test stage was maintained at 13 ◦C during
these experiments to achieve the optimal gain in the SOAs.

A. Small-Signal Response

Although this device was designed for large-signal digital
modulation, small-signal measurements are useful for charac-
terizing the microwave circuit design and observing the carrier
dynamics within the receiver. Fig. 14 shows the normalized
optical-to-optical small-signal response for conversion from
1548 to 1554 nm. The transmitter and receiver were biased such
that the average photocurrents in the EAM and PD were 8.5 and
20 mA, respectively. Over the measurement range, a broadband
inductive peak is observed due to the high-impedance electrode
design in the EAM. For reverse biases greater than 3 V, there is
no degradation in the response up to 20 GHz. For less than 3 V
reverse bias, the corresponding applied field in the PD is insuffi-
cient to quickly sweep the generated carriers out of the junction.
The accumulation of localized space charge can be recognized
by the resulting degradation in the device bandwidth. The small
resonance in the response at 1 GHz is caused by the inductance
of the wirebond used to bias the optical gate [8].

B. Digital Performance

The wide bandwidth of this device makes it well suited for
high-speed digital operation. To characterize the large signal
behavior, we have examined the bit error rate (BER) perfor-
mance using pseudorandom bit sequences (PRBSs) at 40 Gb/s
with nonreturn-to-zero (NRZ) format. The experimental setup
used for these digital wavelength conversion measurements is
shown in Fig. 15. PRBS data generated by a BER tester (BERT)
was used to modulate an optical transmitter, and was passed
through an erbium-doped fibre amplifier (EDFA), optical fil-
ter, polarization controller, and attenuator, before being coupled
into the device under test (DUT). The converted output signal

Fig. 14. Small-signal optical-to-optical response of the wavelength converter.

Fig. 15. Measurement setup for characterization of the wavelength conversion
performance. BER of converted signal is compared to back-to-back transmission
for varying power into the optical receiver.

was passed through a second attenuator, followed by an opti-
cally preamplified receiver that was connected back to the error
analyzer of the BERT. The attenuator following the DUT was
used to reduce the power into the receiver to a level at which
errors could be recorded. The resulting BER for each received
power was then compared with back-to-back transmission to
compute a power penalty. The word length in these experiments
was limited to 27−1 because of pattern-dependent effects in the
measurement setup.

Before measuring the BER over the wavelength tuning range,
the optimal input power and operating conditions for the device
were determined. The optimal bias point for the receiver SOAs
was found to be 9 kA/cm2 , which corresponded to the highest
gain and saturation power. The laser gain section and the trans-
mitter SOA were biased with lower current density (5.8 and
2.5 kA/cm2 , respectively) to limit the EAM photocurrent and
reduce thermal crosstalk. The bias of the optical gate was cho-
sen to take advantage of the highest modulation slope efficiency
for the output wavelength of the SG-DBR. Using these condi-
tions, the input power into the device was varied to determine
the best BER, as shown in Fig. 16(a), for wavelength conversion
from 1550 to 1548 nm. From this measurement, we have ex-
tracted the power penalty measured at a BER of 10−9 between
back-to-back and the wavelength-converted signals, as shown
in Fig. 16(b). Also measured were the extinction ratio of the
output signal and the wavelength conversion efficiency, defined
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Fig. 16. (a) 40 Gb/s BER measurements for wavelength conversion from 1550 to 1548 nm for varying optical input power compared with back-to-back
transmission. (b) Measured power penalty (PP) at BER of 10−9 , output extinction ratio (ER), and facet-to-facet conversion efficiency (CE) at each input power.

Fig. 17. (a) 40 Gb/s BER measurements for varying input wavelength and constant output wavelength for input power of −6.4 dBm. (b) Measured power penalty
(PP), output extinction ratio (ER), and conversion efficiency (CE) versus input wavelength.

as the ratio of power between the converted signal and the input
signal at each facet. Since no mode converters were present in
this design, the fiber coupling loss added an additional 4 dB of
loss at each facet.

The dynamic range measurements show that the output ex-
tinction ratio increases with input power, resulting in a reduction
in the power penalty. As the input power approaches the 1-dB
saturation point of the receiver SOA, the output extinction be-
gins to level off due to the reduced gain. Input powers above
−6.4 dBm were not tested with these bias conditions to avoid
damaging the PD, since failure has been observed at 200 mW
of dissipated power. Operation with input powers as high
as +5 dBm was possible by adjusting the bias of the first SOA
stage to reduce the total gain. This, however, resulted in signifi-
cant reduction in conversion efficiency.

Wavelength conversion performance was evaluated as a func-
tion of input wavelength. Fig. 17(a) shows the resulting BER
measurements for varying input wavelength with −6.4 dBm
input power. Error-free wavelength conversion was observed
over the range of 1535–1560 nm. The measured power penalty,

extinction, and conversion efficiency are shown in Fig. 17(b).
Less than 3 dB power penalty is observed over the tuning range
compared with back-to-back transmission. This includes the
case of conversion back to the same wavelength (1548 nm to
1548 nm). The device exhibits the best performance when the
input wavelength corresponds to the gain peak of the receiver.
This results in a power penalty of 1 dB and a conversion effi-
ciency of −2 dB.

BER measurements of wavelength conversion to varying out-
put wavelengths have also been performed. Fig. 18 shows the
BER measurements for three output wavelengths: 1537, 1548,
and 1559 nm. For these measurements, the back-to-back data
were compared at the same wavelength as the output from the
device to eliminate the wavelength dependence in the measure-
ment setup. The bias of the optical gate was adjusted to achieve
the lowest power penalty at each wavelength. Error-free trans-
mission was observed in all three cases with less than 1 dB
power penalty. Fig. 19 shows the converted 40 Gb/s eye dia-
grams, which were taken at the lowest power penalty for each
wavelength. The output extinction and bias condition are listed
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Fig. 18. (a) 40 Gb/s BER measurements for fixed input wavelength and varying output wavelength for input power of −6.4 dBm. (b) Measured power penalty
(PP), output extinction ratio (ER), and conversion efficiency (CE) versus output wavelength.

Fig. 19. 40 Gb/s NRZ input and wavelength-converted eye diagrams corre-
sponding to the BER measurements in Fig. 18. Gate bias and output extinction
are listed.

Fig. 20. Output optical spectrum from the wavelength converter demonstrating
45 dB input suppression. Inset shows higher resolution plot of the output signal
with 40 Gb/s modulated data spectrum.

for each case. The summary of performance in Fig. 18(b) exem-
plifies the tradeoff introduced by the wavelength dependence of
the EAM. For shorter wavelengths, the modulation efficiency is
higher, which produces greater extinction. However, the passive
optical loss is also increased, which leads to lower output power,

TABLE I
OPERATING CONDITIONS AND TOTAL POWER DISSIPATION

and hence lower conversion efficiency. The opposite result oc-
curs for the longer output wavelength; however, in all cases, the
total power penalty remains relatively constant.

The optical spectrum of the converted output signal is shown
in Fig. 20 for input and output wavelengths of 1560 and
1548 nm, respectively. Because of the spatial separation of the
input and output signals within the device, the input suppression
ratio at the output is greater than 40 dB. As shown in Fig. 20,
the input power level is on the same order as the side-mode
suppression of the SG-DBR laser.

The total power dissipation of the device has also been cal-
culated. The normal operating conditions and the power contri-
bution from each component on the chip are listed in Table I.
During wavelength conversion of PRBS data, the total power
dissipation is slightly lower than 1.5 W. For no input signal, or
for bursts of data with short duty cycles, the power dissipation
is reduced to around 1.35 W due to lower average photocurrent
generated in the optical gate.

VI. LABEL WRITING

The capability of optical label writing with this device has
been demonstrated using PRBS data to modulate the EAM in
the other transmitter arm. A modulation rate of 10 Gb/s was cho-
sen, since this slower data rate would be more easily processed in
a realistic optical router. A 2.0-V peak-to-peak drive signal was
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Fig. 21. BER measurements for external modulation of label-writing EAM at
10 Gb/s. Eye diagrams at each wavelength are shown.

applied by directly contacting the chip with a ground–signal–
ground probe. Again, the dc bias for the EAM was adjusted
to take advantage of the maximum modulation efficiency for
each wavelength. Fig. 21 shows the BER for the 10 Gb/s mod-
ulation for varying output wavelengths. Less than 1 dB power
penalty over the output tuning range was observed. The corre-
sponding eyes diagrams demonstrate an output extinction ratio
greater than 9 dB in all cases, and the output power was −6 to
−6.5 dBm.

VII. CONCLUSION

This paper has presented a monolithic widely tunable wave-
length converter based on a field-modulation technique. The de-
vice integrates a tunable SG-DBR laser, high saturation power
SOAs, and high-speed EAM and PD, using a single regrowth
fabrication process. The device geometry of each of the in-
tegrated components has been optimized to achieve efficient
40 Gb/s operation. The integrated receiver demonstrates >20 dB
of gain and is capable of producing >30 mA of unsaturated pho-
tocurrent. The EAMs in this paper have demonstrated greater
than 10 dB/V modulation efficiency over a wide optical band-
width of 30 nm. Selective undercut etching and periodically
loaded transmission lines have been used to double the char-
acteristic impedance of the modulator for higher speed and in-
creased voltage swing. Wavelength conversion has been demon-
strated for 25 nm of input tuning and 22 nm output tuning, with
3 and 1 dB power penalty, respectively. The output extinction
ratio of the converted signal was greater than 8 dB for all cases,
with as high as −2 dB conversion efficiency. Conversion back to
the same wavelength was demonstrated, as well as >40 dB input
signal suppression at the output. This device also has been used
for 10 Gb/s data transmission, which demonstrates potential for
use in optical packet switched networks. Future work is focused
on fast wavelength tuning to demonstrate packet routing as well
as dynamic label encoding with simultaneous wavelength con-
version. These experiments will confirm the viability of this
wavelength converter in all-optical routing applications.
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Abstract: Contention resolution and forwarding of labeled optical packets at 40 Gb/s is 
demonstrated utilizing multiple InP based optical buffers and monolithic wavelength 
converters.  Layer-2 packet recovery measurements are presented.  
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1. Introduction 
Optical packet switching provides a means of communication that is high bit rate, transparent, and scalable 
[1].  In label switched optical packet switching, forwarding information and data are separated into lower 
bit rate headers and high bit rate payloads [2].  This allows for the use of low frequency electronics for 
processing headers and payload envelope information while transparently forwarding high bit-rate payloads 
optically at low switching speeds.  Optical packet switches must operate asynchronously making optical 
buffering a necessary functionality for contention resolution to avoid temporal collisions of packets 
simultaneously destined for the same output port [3, 4].  Buffering of 40 Gb/s payloads has been shown 
previously utilizing an integrated 2x2 InP switch matrix with fiber delay lines [5].  Switches must also be 
able to dynamically route packets to different output ports.  Wavelength converters (WCs) offer a scalable 
and fast switching solution. A monolithic wavelength converter based on a PD-EAM gate and SGDBR 
laser has been demonstrated to operate at any bit rate up to 40 Gb/s in both NRZ and RZ formats [6].   
    We demonstrate optical packet buffering utilizing packaged compact InP switches with fiber delay lines 
that erase 10 Gb/s headers and re-circulate 40 Gb/s payloads for contention resolution.  Buffered 40 Gb/s 
payloads are then dynamically forwarded through the use of monolithic fast switching PD-EAM based 
wavelength converters.  Buffering and forwarding decisions are made based on output destinations 
extracted from 10 Gb/s headers and envelopes of 40 Gb/s payloads. 
 

2. Principle of Operation and Experimental Implementation    
The basis of optical buffering, forwarding, and electronic lookup for a 2x2 optical data router is shown in 
Fig. 1.  Transmitted optical packets occupy a timeslot (Ts) of 64 ns which consist of 128 bit NRZ headers 
at 10 Gb/s, 40 byte RZ payloads at 40 Gb/s, and 43.2 ns guard bands.  The optical headers contain a label 
field that indicates the output port.  The stream contains three packets and the labels alternate output port 
requests B, A, B respectively at a wavelength of 1560nm as shown in Fig. 2.  The transmitted signal is split 
into two identical streams and injected to input A and input B of the system.  The packet stream is optically 
tapped and the data enters a clock/data recovery circuit (CDR) and payload envelope detector (PED). In 
this experiment, a 10 GHz clock from the transmitter was used as the input of the clock recovery circuit so 
that the system was synchronous.   Recovered headers and envelopes are sent to an FPGA based electronic 
channel processor (ECP) to determine the output port destination of the payloads based on the optical label 
and to provide a precise time reference for the payloads.  The ECPs then forward the recovered payload 
envelopes as output port requests to a central arbiter for electronic lookup.  The FPGA based arbiter uses a 
lookup table to determine contention and buffer control by comparing port requests and buffer queue 
signals.  Based on the lookup table, the arbiter generates buffer control signals which pass a packet through, 
load a packet into the buffer, re-circulate a packet in the buffer, or unload a packet from the buffer.  The 
arbiter also generates WC control signals which are used to switch wavelengths in order to forward packets.  
The buffer and WC control signals are then sent to the corresponding ECPs which forward the signals to 
the buffers and WCs.  The buffers consist of packaged 2x2 InP switches driven by current DACs and RF 
opamp circuits.  The fiber delay line, equivalent to 64ns, includes an attenuator, band pass filter and 
polarization controller.  The buffers erase labels by turning SOAs off before the payloads and gating the 
payloads for buffering.  Buffer A circulates packets 1, 2, 3 for 1, 0, 0 timeslots and buffer B circulates 
packets 1, 2, 3 for 0, 1, 1 timeslots respectively as shown in Fig. 2.   The wavelength converters are 
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switched by modulating the front mirror of the SGDBR laser.  WC A converts packets 1, 2, 3 to 1554, 
1560, 1554 nm and WC B converts packets 1, 2, 3 to 1559, 1553, 1559 nm respectively as shown in Fig. 3.  
Band pass filters with a band with of 1.2 nm are used to simulate an arrayed waveguide grating (AWG).  
Here, the filters are tuned to 1560 nm for input A and 1553 nm for input B destined for output A and tuned 
to 1554 nm for input A and 1559 nm for input B destined for output B.  New labels would then be written 
in front of the forwarded payloads. 
 

  
Fig. 1.  Buffers , wavelength converters, and electronic lookup of 

a 2x2 optical packet switch 
Fig. 2. Input packet stream, port request signals, and buffered 

payloads (a) channel A (b) channel B 
 

3. Performance Measurements 
Layer-2 packet recovery measurements were conducted for buffered packets that are dynamically 
wavelength converted.  Packet recovery is a necessary measurement when small packets are used and 
rearranged but misaligned at the bit level.  Packet recovery is defined as successful recovery of the entire 
64 bit payload identifier followed by an 8 bit control field inside the payload.  Curves were taken for back-
to-back that contain headers and payloads as well as a stream that contained payloads only.   Measurements 
were then taken for each buffered, converted, and filtered output separately.  Greater than 92% packet 
recovery was achieved for all buffered and converted payloads.  The large offset in curves is caused by the 
difference in duty cycles of the measured signals, insertion loss of the buffers, and extinction of the 

verted payloads as well as the use of a pre-amplified receiver.     con     

   
Fig. 3. Converted payloads of WC 

A/B and output A/B  
Fig. 4. Packet recovery for buffered and 

converted payloads from channel A. 
Fig. 5. Packet recovery for buffered and 

converted payloads from channel B. 
 

4. Conclusions 
Multiple packaged optical buffers and monolithic wavelength converters are used to demonstrate dynamic 
optical buffering and forwarding at 40 Gb/s.  Forwarding and buffering decisions are determined for 40 
Gb/s payloads from 10 Gb/s labels with greater than 92% packet recovery demonstrated.  
 

4. Acknowledgement 
This work is supported by DARPA/MTO and ARL under LASOR award #W911NF-04-9-0001. 
 
5. References 
[1] G.I. Papadimitriou et al, “Optical switching: switch fabrics, techniques, and architectures,” J. Lightw. Technol., vol. 21, no. 2, pp. 
284-404, Feb. 2003. 
[2] S.J.B. Yoo, “Optical packet and burst switching technologies for the future photonic internet,” J. Lightw. Technol., vol. 24, no. 12, 
pp. 4468-4492, Dec. 2006. 
[3] D. Wolfson et al., “All-optical asynchronous variable-length optically labeled 40 Gb/s switch,” in Proc. ECOC 2005, Paper Th. 
4.5.1. 
[4] D. K. Hunter et al, “Buffering in optical packet switches,” J. Lightw. Technol., vol.16, pp. 2081-2094, Dec. 1998.  
[5] E.F. Burmeister et al, “SOA gate array recirculating buffer for optical packet switching,” in Proc. OFC 2008, Paper OWE4. 
[6] M.M. Dummer et al, “A bit-rate-transparent monolithically integrated wavelength converter,” in Proc. ECOC 2008, Paper 
Th.2.C.1. 

       a1631_1.pdf  
 

       CMKK6.pdf  
 

© 2009 OSA/CLEO/IQEC 2009
       CMKK6.pdf 

 
       CMJJ6.pdf  

 

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on December 8, 2009 at 14:34 from IEEE Xplore.  Restrictions apply. 



An 8x8 Monolithic Tunable Optical Router  
(MOTOR) Chip in InP 

Steven C. Nicholes*, Milan L. Mašanović†, Erica Lively†, Larry A. Coldren†,*, and Daniel J. Blumenthal† 
*Department of Materials 

†Department of Electrical and Computer Engineering 
University of California, Santa Barbara 93106 

Email: snicholes@engineering.ucsb.edu   
 

Abstract:  We demonstrate 10 Gbps error free operation through multiple ports of an InP 
monolithic tunable optical router consisting of eight input wavelength converters and an 8x8 
passive arrayed-waveguide grating router.  

1. Introduction 
All-optical routing technologies are an attractive alternative to traditional electronic-based routing because of the 
potential to reduce power dissipation and the number of OEO interfaces [1].  Full on-chip switching functions can be 
realized by integrating wavelength converters and passive routers. This level of integration has the potential to 
reduce: (1) the overall device footprint; (2) discrete component-to-component coupling losses; and (3) packaging 
costs.  Such benefits have been realized previously with the development of monolithically integrated all-optical 
wavelength converters [2,3].   
 We demonstrate the first reported 8x8 monolithic tunable optical router (MOTOR) in InP.  Each MOTOR input 
port consists of a wavelength converter (WC) that is tunable across the C-band.  The output of each wavelength 
converter is connected to the input of a passive 8x8 arrayed-waveguide grating router (AWGR) that performs 
channel switching to a certain output port based on the input wavelength.  This switch requires the dense integration 
of more than 200 functional building blocks, including sampled-grating DBR (SG-DBR) lasers, multiple 
semiconductor optical amplifiers (SOAs), phase modulators, and an AWGR, representing one of the most complex 
InP photonic integrated circuits reported to date.    
 
2.  Device Design and Integration 
As shown in Figure 1, the MOTOR chip consists of an array of eight widely-tunable WCs and an AWGR, resulting 
in an overall device footprint of 14.5 mm x 4.25 mm. Wavelength conversion is achieved through cross phase 
modulation effects in an SOA-based, differential Mach-Zehnder interferometer (MZI) [4].  10 Gbps wavelength 
conversion in the NRZ format is accomplished by sending data into one branch of the MZI, with the input to the 
other branch turned off (i.e., the preamplifier SOA on this branch is not biased).  The new wavelength of the 
converted data, which is set by the CW signal from an SG-DBR, determines the subsequent routing in the AWGR as 
explained in [5].   
 

 
    (a)      (b) 
     

Figure 1: (a) Schematic overview of MOTOR architecture; (b) Photograph of fabricated device (area in the center of the AWGR 
consists of test structures that are not involved in device operation). 

  

 To realize the MOTOR chip, a platform consisting of multiple quantum wells (MQW) centered in the device 
waveguide was selected.  Because of the high overlap of the optical mode with the MQW region, high gain regions 
that are ideal for the SG-DBR laser and the MZI SOAs can be achieved.  However, the increase in gain comes at the 
expense of saturation power.  While this is ideal to increase the nonlinear response of the MZI SOAs, the reduced 



saturation power is problematic for the input preamplifier SOAs, whose length and overall gain are thus limited.  For 
active/passive definition, quantum well intermixing was used to shift the as-grown MQW bandedge from 1545nm to 
1420nm in all passive sections as described in [6].   The wavelength converters employ a surface ridge architecture, 
where a combination of dry and selective wet etching was used to etch ridges down to the top of the waveguide.  An 
integrated delay line at the WC input [4] was fabricated exclusively by dry etching.  To minimize the loss in the 
AWGR region, a buried rib waveguide structure was utilized.  The loss in this region was further reduced by leaving 
an undoped implantation buffer layer (used in intermixing, but typically removed immediately thereafter) above the 
etched rib to create a setback from the Zn doped cladding as described in [7].  The advantage of this method is that it 
reduces optical loss in the AWGR region without the need of a special UID regrowth to bury the rib and separate the 
optical mode from Zn dopant atoms.  As a result, the MOTOR chip required only a single, low-risk, blanket, p-type 
cladding regrowth.  Minimizing the number and complexity of regrowth steps is essential to increase component 
yield. 

3.  Device Results 
The MOTOR chip was tested using PRBS 231-1 data streams at 10 Gbps.  Only a single channel was tested at a 
given time.  However, the single-channel crosstalk of the AWGR was measured to be 16 dB or greater (depending 
on the output port).  The chip was soldered directly to a copper submount for efficient heat sinking.  The submount 
was held at a temperature of 16°C for all experiments.  The size of the chip prohibited sensible wire-bonding, so the 
metal pads were each directly probed. 
 Figure 2 shows wavelength converted eyes for six of the eight input ports.  Although the individual SOAs 
worked on Inputs #1 and #5, these devices had a random material defect in the ridge near the MZI that prevented 
them from functioning as WCs.  Figure 3 shows wavelength converted eyes out of every output port using a single 
input channel.  
 
 

 
 

Figure 2: 10 Gbps eyes for the six working input channels measured out of output port #3. 
 

 
 

Figure 3: 10 Gbps eyes using input channel #6 measured out of every output port. 



 
 Finally, BER measurements were performed in order to determine the power penalty associated with 10 Gbps 
operation.  Figure 4 shows BER curves for converted data along with back-to-back measurements for two of the six 
working input channels.  The power penalty associated with the conversion at a BER of 10-9 ranges from 3.2 to 4.4 
dB.  One factor that contributes to this power penalty is the lack of antireflective (AR) coatings on the chip.  
Additionally, the preamplifiers have a low saturation power due to the centered MQW design, and this causes 
pattern dependence at longer pattern lengths.  By employing an AR coating and an improved preamplifier design as 
in [8], this power penalty could be reduced. 

 

 
Figure 4: BER measurements for input channels 3 and 4.  BERs are measured from two different output ports for each input port.  Power 

penalties at a BER of 10-9 range from 3.2 to 4.4 dB. 
 

 
4.  Conclusions 
Using a QWI platform with several ridge architectures, we have demonstrated a monolithic tunable optical 
router (MOTOR) in InP, consisting of eight input wavelength converters a passive AWGR.  We have 
demonstrated error-free operation at 10 Gbps using six of the eight input channels and every output channel 
with a power penalty of 3.2 to 4.4 dB. 
  
5.  Acknowledgements 
This work was supported by the DARPA MTO DOD-N Program under the LASOR Project (W911NF-04-
9-0001).  A portion of this work was done in the UCSB nanofabrication facility, part of the NSF funded 
NNIN network. 
 
6.  Reference 
 
[1] D. Blumenthal et al., "All-optical label swapping networks and technologies," JLT, 18, 2058-2075 (2000). 
[2] V. Lal et al., “Quantum-well-intermixed monolithically integrated widely tunable all-optical wavelength converter operating at 10 
Gb/s”, PTL, 17, 1689-1691, 2005. 
[3]  M. Masanovic et al., “Widely Tunable Monolithically Integrated All-Optical Wavelength Converters in InP,” JLT, 23, 1350-1362 
(2005). 
[4] V. Lal et al., “Monolithic Wavelength Converters for High-Speed Packet-Switched Optical Networks,” JSTQE, 13, 47-57 (2007). 
[5] M. Smit and C. van Dam, “PHASAR-Based WDM-Devices: Princples, Design and Applications”, JSTQE, 2, 236-250 (1996). 
[6] J. Raring et al., “Advanced integration schemes for high-functionality high-performance photonic integrated circuits,” in Photonics 
Packaging and Integration VI, Vol. 6126, (SPIE, San Jose, CA, 2006), Paper 61260H. 
[7] S. Nicholes et al., “Novel Application of Quantum Well Intermixing Implant Buffer Layer to Enable High-Density Photonic 
Integrated Circuits in InP”, in Conf. on Indium Phosphide and Related Materials (IPRM, Newport Beach, CA, 2009), Paper WB1. 2. 
[8] J. Raring et al., “ Demonstration of high saturation power/high gain SOAs using quantum well intermixing based integration 
platform,” EL, 41, 1345-1346 (2005). 



 

  
  
  

II..  PPIICC  TTeecchhnnoollooggyy  aanndd  
DDeevviicceess  

  
  
  
  
  
  
  

CC..  RRFF--PPhhoottoonniiccss  aanndd  AAnnaalloogg  PPIICCss  
  
  
  
  
  
  
  



 

  



Highly Linear Integrated Coherent Receivers for Microwave 
Photonic Links 

 
Jonathan Klamkin1, Leif A. Johansson2, Anand Ramaswamy2, Nobuhiro Nunoya2, 

Sasa Ristic2, Uppili Krishnamachari2, Janet Chen2, John E. Bowers2, Steven P. 
DenBaars1, 2, Larry A. Coldren1, 2 

1Materials Department, University of California, Santa Barbara, CA 93106 
2Electrical and Computer Engineering Department, University of California, Santa Barbara, CA 93106  

Email: klamkin@engineering.ucsb.edu 
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1. Introduction 
Phase modulation can be used to improve the signal-to-noise ratio (SNR) and spur-free dynamic range (SFDR) of 
microwave photonic links because phase modulation is not limited in input modulation swing and is inherently 
linear using certain electro-optic devices [1]. To overcome the inherent nonlinearity of a traditional interferometer-
based phase demodulator, a balanced receiver with feedback to a reference tracking phase modulator was developed 
(Fig. 1). The feedback reduces the phase difference between the signal and local oscillator. This effectively reduces 
the signal swing of the demodulator thereby suppressing the interferometer nonlinearities and leading to an 
improvement in SFDR. Balanced detection has several advantages such as the ability to suppress common mode 
relative intensity noise of the laser source as well as amplifier noise. Additionally, considering that most 2x1 
combiners inherently exhibit a loss of 3 dB, a higher SNR can be achieved with balanced detection because the 
detected signal power is increased. Additionally, push pull drive to symmetric tracking phase modulators can be 
used to overcome the nonlinear characteristics of the integrated tracking phase modulator. For stable operation at 
high frequency the delay of the feedback loop must be kept short, therefore a monolithic approach is required to 
realize a compact receiver architecture. A similar feedback approach was demonstrated in [2] whereby an 
attenuation-counter-propagating phase modulator was employed, which is free of propagation delay.  

The monolithic photonic integrated circuit (PIC) developed here consists of a high power balanced uni-traveling-
carrier photodiode (UTC-PD), a compact 2x2 multimode interference (MMI) coupler, and multi-quantum well 
reference phase modulators. This PIC is hybrid integrated with an electronic integrated circuit (EIC) that provides 
transconductance amplification of the feedback signal for increased loop gain.  
 
2. Device Design 
For the integrated UTC-PDs, novel concepts such as absorption profile modification, charge compensation, and 
partially depleted absorption were incorporated to realize high saturation current and high linearity [3]. PD A 

 
                                                             (a)                                                                                                          (b) 
 
Figure 1. (a) Schematic of coherent integrated receiver with feedback and push-pull drive to tracking phase modulators. (b) Plan view 
SEM image of a PIC mounted on a carrier with an EIC (EIC out of view). 
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                                     (a)                                                                      (b)                                                                      (c) 

 
Figure. 2. (a) Normalized RF power as a function of DC photocurrent at 1 GHz. The data for PD A is normalized to 0 dB and that for PD B 

to 2 dB. (b) 1-dB compression current as a function of bias voltage. (c) Two-tone OIP3 as a function of photocurrent.   

 
 
Figure. 3. (a) Normalized splitting ratio as a function of input wavelength for various tuning currents. (b) Power imbalance as a function 
of tuning current for various wavelengths. 

incorporated a low overlap of the optical mode with the absorber layer resulting in a long absorption profile and low 
front-end saturation. PD B incorporated a collector doping of 3E16 cm-3 and a low and graded absorber doping. 
Both general interference surface ridge (SR) MMI couplers and restricted interference deep ridge (DR) MMI 
couplers were explored, the latter for reducing the loop delay. Current injection tuning was incorporated into the 

MMI couplers for fine tuning the output power splitting ratio [4]. The quantum well (QW) design of the reference 
phase modulators was optimized for realizing low Vπ, low insertion loss, low absorption modulation, and improved 
linearity. Modulator A consisted of 28 compressively strained QWs, and 29 tensile strained barriers. The QW width 
was 50 Å, and the barrier width was 70 Å. The difference in energy between the QW and barrier in the conduction 
band was 97.3 meV. Modulator B contained 22 compressively strained QWs, and 23 tensile strained barriers. The 
QW width was 100 Å, the barrier width was 50 Å, and the conduction band energy difference was 69.6 meV. The 
PICs also incorporated quantum well intermixing (QWI) to shift the band edge of the QWs in the passive regions 
post growth to eliminate the tradeoff between phase modulation efficiency and passive loss. 
 
3. Results and Discussion 
Figure 2 shows the measurement results for the PDs. The peak 1 dB compression current for PD A and PD B was 
80.5 mA and 75 mA respectively. The two-tone OIP3 for these PDs at 60 mA was 46.1 dBm and 42.7 dBm 
respectively. PD A was also measured at 80 mA and demonstrated an OIP3 of 44.2 dBm. The tuning properties of 
the SR MMI couplers were also characterized (Fig. 3). The output power splitting could be fine tuned to 3-dB 
splitting over a broad wavelength range with low levels of injected current. The efficiency, loss, and phase change 
were measured for the phase modulators (Fig. 4). The Vπ ·L of modulator A was 1.52 V·mm and that of modulator B 
was 1.29 V·mm. The loss incurred between 0 V and Vπ and the insertion loss was 1.2 dB and 1.03 dB for modulator 
A, and 7.0 dB and 1.8 dB for modulator B. The ratio of the linear to cubic coefficient (A1/A3) was 19.5 for modulator 
A and 36.5 for modulator B. 
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                                      (a)                                                                      (b)                                                                      (c) 
 

Figure. 4. (a) Normalized MZM transmission, (b) normalized EAM transmission, and (c) phase change as a function of bias voltage.
The PIC and EIC were hybrid integrated on a common ceramic carrier. The chips were electrically connected 
ith a series of wirebonds, which transport the differential output signal of the balanced PD from the PIC to the 
IC, and the tracking phase modulator drive signal from the EIC to the PIC. Figure 5 shows the experimental setup 
sed to characterize the integrated receivers and the results of SFDR measurements. Using the SR coherent receiver 
n a link experiment, the demonstrated SFDR for signal frequencies of 300 MHz, 500 MHz, and 1 GHz was 125 
B·Hz2/3, 121 dB·Hz2/3, and 113 dB·Hz2/3 respectively. Using a DR coherent receiver with QWI for low passive loss, 
nd efficient phase modulators, the projected SFDR was improved by 6 dB. 

 
 
                                                     (a)                                                                                                  (b) 
 

Figure. 5. (a) Analog link experimental test setup. (b) SFDR measurements for different input signal frequencies. 

. Conclusions 
 novel coherent receiver with feedback was developed to suppress the nonlinearities of an interferometer-based 
hase demodulator so that the advantages of phase modulation could be realized. When used in a link experiment, 
his receiver demonstrated up to a 14 dB improvement in SFDR compared to open loop operation (no feedback).   
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We present an extensive study of an ultra-compact grating-based beam

splitter suitable for photonic integrated circuits (PICs) which have stringent

density requirements. The 10 µm long beam splitter exhibits equal splitting,

low insertion loss, and also provides a high extinction ratio in an integrated

coherent balanced receiver. We further present the design strategies for avoid-

ing mode distortion in the beam splitter, and discuss the optimization of the

widths of the detectors in order to improve insertion loss and extinction ratio

of the coherent receiver circuit. In our study, we show that the grating-based

beam splitter is a competitive technology having low fabrication complexity

for ultra-compact PICs. © 2009 Optical Society of America

OCIS codes: 230.1360, 130.3120.

1. Introduction

In past few decades considerable attention has been given to waveguide beam splitters in

optical integrated devices. With increasing demands on PIC performance, compactness

requirements are becoming more stringent, similar to their electronic counterparts. For

some applications with optical feedback circuits, such as optical phase-locked loops [1], the
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system stability greatly relies on ultra-short loop delays.

Conventional directional couplers with dimensions of millimeters or more have become

less attractive due to the chip size requirements. The size of a conventional surface ridge

multimode interference (MMI) beam splitter is usually limited by lithographic resolution

of the gap between access waveguides since the interaction length is proportional to square

of its width. Moreover, long curves and S-bends are also necessary in order to separate the

access beams for fiber coupling or integration with other components. Such fundamental

attributes hinder the progress of device downsizing. Though significant efforts have been

made to achieve interference lengths on the order of 100 µm [2–5]; these components

typically pay the price of higher insertion loss and lower fabrication tolerance. Alternatively

other advanced technologies such as photonic crystals [6–9] and air trenches [10, 11] have

been used to construct beam splitters in the submicron range. However, the performance of

these beam splitters, unfortunately, is sensitive to process variations, and their applications

are limited by fabrication complexity and low throughput.

The criteria for designing an ultra-compact beam splitter must also include the relative

sizes of other integrated components. In present PIC technologies, the overall device sizes

and the propagation lengths in a feedback loop are still dominated by the sizes of other

elements such as modulators, detectors and connecting waveguides, which are typically

hundreds of microns long or more. Therefore, it is beneficial to reduce the size of the beam

splitter from millimeters to several microns for the purpose of minimizing the total device

footprint and the signal propagation delay, but there is only a minor improvement to

advance from microns to submicron range.

In this paper we present a comprehensive study of a proposed grating-based beam

splitter [12, 13] which uses a 10 µm-long ultra-compact strong interference region for equal

splitting. This beam splitter is carried out by well-established and robust fabrication

steps that enable potentially large throughput, and is compatible with existing integration

platforms. The orientation of the splitter allows input beams to be coupled from opposing

facets, which is advantageous in simplifying fiber alignment and packaging. These key

advantages make the grating-based beam splitter a desirable and yet practical solution

compared with other advanced technologies.
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2. Beam Splitter Design

The goal of this work is to realize an integrated beam splitter with equal splitting, low

insertion loss, short propagation length, as well as a high degree of interference between the

incoming lights. Fig. 1(a) and 1(b) show the configuration of the compact 2×2 grating-based

beam splitter with integrated modulators and photodetectors which are used in this work

to obtain the data presented below.

2.A. Design Issues and Key Features

The grating region splits an incoming beam into transmissive (undiffracted) and reflective

(diffracted) beams. Similar to Bragg diffraction in planar phase gratings [14], geometric and

diffraction beam walk-off plus unequal mode distortion, however, arise in the case of oblique

incidence of a finite beam onto a relatively thick grating region. The oblique multiple

reflections from a series of grating grooves widen the reflective beams, and this widening

becomes more pronounced with larger angles. On the other hand, the mode distortion

is due to the continuous energy exchange between the diffracted and undiffracted beams

during the interference process [14]. As a result, the interference extinction ratio between

the two output beams could be severely decreased if falling into the degraded regime.

Qualitatively speaking, it is important to keep the input angle near normal incidence and

to arrange the beam size comparable to or wider than the grating length at the grating region.

In order to avoid the mode degradation, three design features are implemented. First,

we design a quasi free space region surrounding the gratings for the purpose of expanding

the beams within the shortest propagation distance. The beams diverge freely in the lateral

direction without seeing the waveguide boundary and are only confined in the transverse

direction in this region. Broadening a beam width wider than the grating length helps

alleviate the mode distortion. We utilize a beam propagation method to simulate the mode

expansion behavior in this region compared to one using a linear flaring. As shown in Fig. 2,

the slope of beam widths to propagation distances in the quasi free space case is about 5

to 12 times larger than the linear cases, depending on the designated percentage of mode

transfer. The beam divergence in a quasi free space region is shown to be much faster than

the one in a conventional linear adiabatic tapering. This feature minimizes the traveling

distance from the input waveguides to the output detectors and therefore keeps a compact

device footprint and a small signal path in a feedback loop. In addition, it is also beneficial

to reduce the detector front end saturation.

Second, we design input waveguides to have a small incident angle in order to eliminate
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the beam walk-off. The lower bound of the incident angle is limited by the asymptotic line

of the Gaussian beam divergence in the quasi free space region, which is determined by

Θ ≅ w(z)
z

= λ

πwo

, (1)

where w(z) is the beam width at z distance along propagation, wo is the beam waist, and

λ is the beam wavelength in the waveguide. The asymptotic angle is calculated to be 2.89○

in our design. Although a small incident waveguide angle helps relieve the beam walk-off

effect, the trade-off is the long distance used to distinguish the beams on the same side

of the gratings. A waveguide angle of 10○ from normal incidence to the grating grooves is

selected instead of one that close to the asymptotic angle. It is simulated to still be small

enough to avoid mode distortion and to be sufficiently large to differentiate the beams

within reasonably short total propagation length.

Third, we design a strongly reflective Bragg grating for 1550 nm wavelength in order

to achieve the targeted reflection with an ultrashort coupling length. Fig. 3(a) illustrates

the cross-section of the grating region with a maximal coupling coefficient (κ) by replacing

the multiple quantum well (MQW) slab waveguide periodically with regrown InP material

(Fig. 3(b)) to achieve a high reflectivity. It allows the grating grooves to interfere with

the beams symmetrically in the vertical plane along the propagation direction; therefore,

implies a small scattering loss. More details are given in the following paragraphs.

2.B. Models

The design principle of the grating-based beam splitter is further analyzed by both a

horizontal model and a vertical FDTD model. Since in the quasi free space region the

beam is only confined in the vertical (transverse) dimension, decomposing the problem

into two 2-D models, horizontal (x-z plane) and vertical (y-z plane) ones, should not lose

its generality but rather reduces the complexity and saves computing resources. In the

horizontal model, the time monitor is used to mimic the functionality of the detector by

recording the power flow along the propagation direction. We first study the case of one

input with equal splitting as shown in Fig. 4(a) and 4(b). With the input beam equally

bisected into transmission and reflection parts by the grating region, the second input is then

introduced symmetrically in the model. Fig. 5 and Fig. 6 show the interference phenomenon

resulting from the phase difference of the two input beams. The simulated numerical results

are also shown in Table 1. They demonstrate that more than a 16 dB extinction ratio is

theoretically achievable with the selected 10○ incident angle at equal splitting.
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The exact centered-MQW waveguide layer structure with a total thickness of 3695 Å is

constructed in a FDTD vertical model. The radiation losses caused by different grating etch

depth is studied as shown in Fig. 7. For shallow etch depths, the corrugated grating can

be seen as small perturbation which is usually studied by coupled-mode theory, and its

radiation loss is negligible. As the etch depth gets deeper, the mismatch increases between

the unperturbed waveguide mode and the grating Bloch mode. The transverse displacement

originates from the asymmetric material index that the mode experiences in the grating

region. The loss passes through a maximum at an etch depth of around half the waveguide

thickness, and the loss rolls off with deeper grooves. When the etch depth is deeper than the

entire slab waveguide thickness, a symmetric waveguide is created and thus the radiation

loss is reduced [15,16].

3. Device Fabrication and Experiments

The integrated receiver as shown in Fig. 1(a) consists of a balanced uni-traveling-carrier

photodiode (UTC-PD), a compact 2×2 grating-based beam splitter, and MQW phase

modulators. The device is grown on an InGaAsP/InP integration platform with the

UTC-PD structure grown above the waveguide. After defining the UTC-PD, deep gratings

grooves are formed before the p-cladding and p-contact layer regrowth.

The gratings are patterned on a SiO2 hard mask using holographic exposure and then

transferred to the semiconductor by methane/hydrogen/argon (MHA)-based reactive ion

etching (RIE) with hybrid oxygen cycling [17]. The maximal index contrast in the grating

region can be achieved by etching the grating grooves through the entire slab waveguide

layer. For the slab waveguide thickness used on our integration platform, grating grooves

with an aspect-ratio of almost 3 : 1 are needed for an operating wavelength around

1.55 µm. As discussed in the previous section, the deeply etched grating region ensures

a minimal total grating length and a low scattering loss. It is also equally important to

have a high quality p-cladding regrowth over the grating region to keep the loss low. The

fabricated gratings as shown in Fig. 3(b) shows no apparent air voids, which suggests low

scattering losses at the regrowth interface. One note worth mentioning is that the grating

structure with controlled dimensions is achieved without the need for costly electron beam

lithography. It is a robust, well-developed, low cost and high throughput process, and is

also compatible with other fabrication steps without obvious additional cost.

To realize our design goals — equal splitting and a short signal path — key design

parameters are shown in Fig. 8. The distance between the modulator and the detector is

kept the same for all cases and thus the beam divergence is virtually the same. The diverged
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beam widths at different propagation distances are arranged to be 3 µm at the input end

from the modulator, 10 µm at the grating region, and 12 µm at the detector front end. In

order to study the grating reflectivity and mode distortion effects, we investigated a total

of nine combinations of three different grating lengths (5 µm, 10 µm, and 15 µm) and three

different detector widths (7 µm (S), 12 µm (M), and 23 µm (L)). The middle grating length

is selected to match the beam width at the grating region, and the middle detector width is

selected to match the beam width at the detector front end. All detectors are 100 µm long,

which is sufficient to absorb most of the incident light.

4. Results and Discussion

4.A. Splitting Performance

The peak splitting efficiency at the Bragg wavelength for both the FDTD simulations and

experimental data are listed in Table 1 and Table 2. The FDTD simulation data in the case

of a time monitor with a width equal to Det L are the same as the case of infinite width.

Thus the width of Det L is considered wide enough to capture all the incoming light and

should be independent of mode distortion.

The measured splitting spectra of all nine combinations are shown in Fig. 9 and the peak

reflectivity of each case is also plotted in Fig. 10. The splitting ratios of Lg = 5 µm and

Lg = 10 µm cases show little dependence on detector widths. It is very consistent with the

simulation results, and it further confirms that the mode distortion has only marginal effects

for a thin grating case. On the other hand, when the grating length becomes larger than the

interacting beam width, as the case of Lg = 15 µm, the measured splitting ratios differ from

each other for different detector widths. The beam walk-off effect and the mode distortion

are more pronounced in this regime, which results in unequal distortion in transmissive and

reflective beams, as explained in [14].

In Fig. 10 we show the well-known tanh-relation [18] between reflectivity and the product

of κ ⋅Lg with some reasonable assumptions as described below. For an ideal square grating,

the reflective coefficient (rg) and coupling coefficient (κ) can be expressed as follows:

∣rg ∣ = tanh(κ ⋅Lg), (2)

κ = 2∆n

λo

, (3)

where ∆n is the index contrast between the two alternating layers and λo is the Bragg

wavelength in vacuum. Here we have made two assumptions to better fit the tanh-curve to
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our data:

κeff = η ⋅ κ, 0 ≤ η ≤ 1 (4)

∣rg ∣eff = α ⋅ tanh(κeff ⋅Lg), 0 ≤ α ≤ 1 (5)

Eq. (4) assumes the effective coupling coefficient to be η = 77 % of the ideal κ, and Eq. (5)

assumes that the reflectivity saturates at α = 80 % of the total incident light. Since the

ideal κ is calculated for a rectangular grating profile, the value of η is reasonable when we

account for the profile roundup due to processing imperfection such as mask erosion and

element exchange during regrowth, as well as the barely etched-through grating grooves.

The saturation in the curve for longer gratings can be explained by the fact that 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 interference [15].

4.B. Insertion loss

The measured insertion loss data shown in Fig. 11 include information about: (1) the

propagation loss from the modulator to the detector; (2) the detector mismatch loss; (3)

the grating loss. Presumably the propagation loss should be identical in all cases since the

waveguide geometry is intentionally kept the same.

If we exclude the mismatch loss for the case of Det-L as discussed before, the insertion

loss should only include the constant propagation loss and the grating loss. The material

propagation loss is measured from a separate measurement to be 0.5 dB, and therefore the

grating scattering loss should be not greater than 1.5 dB if the waveguide scattering loss is

also taken into account. In this case, the insertion loss only exhibits slight dependence on

the grating length within the range of interest. The insertion loss of the grating lengths Lg

= 5 µm and 10 µm for the case of Det-M are very similar to those of Det-L, which implies

that most of the incident beams are still within a range equal to Det-M. As for the case

of Lg = 15 µm, the loss difference between Det-M and Det-L can be seen as an evidence

of mode distortion since some light is not captured by Det-M due to mode deformation

by the thick grating. Lastly for the case of Det-S, another 3 to 4 dB loss for all three

grating lengths is observed. Since it is designed to be narrower than the beam width on

purpose as explained below, a mismatch-induced excitation loss indeed shows up as expected.
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4.C. Extinction ratio

The extinction ratio between the constructive and destructive interferences of two beams

that come from the two nominally identical MQW phase modulators is also characterized.

The simulated and experimental data of extinction ratios are also shown in Table 1 and

Table 2. We can easily see that the case of Lg = 10 µm has the greatest extinction ratio

among all three grating lengths because of the most equal splitting and therefore best

cancelation. The price of the mismatch loss for the case of Det-S is paid back in the

extinction ratio as it exhibits the greatest extinction ratio among three detector widths.

Because the thick grating distorts the transmissive and reflective beams differently, a narrow

detector at the center of the beam should only capture the portions that interfere most ef-

fectively. This clearly demonstrates the trade-off between mismatch loss and extinction ratio.

According to the discussion above, one may design a compact grating-based beam splitter

with a proper choice of detector width to have both low insertion loss and high extinction

ratio. As demonstrated in this work, high extinction ratio and low insertion loss as well as

nearly equal splitting are achievable with a 10 µm long grating and a 12 µm wide photo

detector.

5. Conclusion

In this paper, we present a comprehensive study of a proposed ultra-compact grating-based

beam splitter. The fabricated devices experimentally validated our theoretical analysis and

simulation data with a high degree of consistency. The design variety of nine different

combinations demonstrates the properties of splitting ratio, insertion loss, and extinction

ratio. It also provides guidance for a future design. The tradeoff between insertion loss and

extinction ratio by varying the detector width is also clear.

An ultra-compact beam splitter with equal splitting, approximately 14 dB extinction

ratio, and as low as 2 dB insertion loss has been achieved with only 10 µm long interference

region. The grating-based beam splitter is proven to be attractive for compact PICs that

require a small loop delay, a minimal device size and low fabrication complexity.
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Table 1. FDTD simulations on splitting and extinction ratio.

Rx Ext Rx Ext Rx Ext
HHH

HHHH
Wd

Lg
5 µm 10 µm 15 µm

7 µm (S) 21.97 % 10.19 dB 53.86 % 21.15 dB 75.20 % 9.90 dB

12 µm (M) 21.64 % 10.03 dB 51.71 % 17.29 dB 70.71 % 9.53 dB

23 µm (L) 21.62 % 10.00 dB 51.34 % 16.05 dB 68.91 % 8.72 dB

Table 2. Experimental data on splitting and extinction ratio.

Rx Ext Rx Ext Rx Ext
HHH

HHHH
Wd

Lg
5 µm 10 µm 15 µm

7 µm (S) 19.52 % – 50.89 % 18.00 dB 70.25 % –

12 µm (M) 18.41 % – 48.03 % 13.88 dB 64.61 % 9.56 dB

23 µm (L) 20.66 % – 48.98 % – 57.37 % 7.91 dB
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Fig. 1. (a) Schematic top view of 2×2 grating-based beam splitter which is integrated 

with two modulators and two photodetectors. Waveguide boundary (not shown) is far 

away from the diverged beams in the quasi free space region.  

(b) SEM of integrated compact beam splitter on carrier. Two fiber coupled incoming 

beams are illustrated with arrows in red and green.  
 
 
 
 
 
 

 

 
 

Fig. 2. Comparison of field 1/e width of quasi free space expansion and linear flaring 

along propagation direction. Different mode expansion speeds in linear flaring give 

different power transfer percentages (e.g. 90 %, 95 % and 99 %).  
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Fig. 3. (a) Schematic side view of the grating region. The beam is only confined in 

vertical direction. (b) Regrown gratings cross-section. The slab waveguide layer 

which contains multiple centered quantum wells can be clearly seen. No obvious air 

void is observed at the regrowth interface.  
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. FDTD simulation of the Bragg grating splitter with one input at equal splitting 

condition. (a) FDTD color-coded contour plot of the optical field. (b) Time monitor 

outputs at transmission and reflection versus time in units of cT (µm) where c is the 

speed of light in vacuum.  
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Fig. 5. FDTD simulation of the grating splitter with two inputs in different phase 

relations.  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6. The simulated power at two output ports versus the phase difference of two 

inputs. The input power of each beam is set to one.  
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Fig. 7. The FDTD simulated loss versus grating etch depth in the vertical 
model. Total slab waveguide thickness is 3695 _A. 
 
 
 
 
 
 
 
 
 

 
 
Fig. 8. Beam divergence in the quasi free space region. The beam waist is 3 _m 
at the input from modulator, 10 _m at the grating region, and 12 _m at the 
detector front end. Di_erent detector widths are also illustrated in blue (S), 
red (M), and green (L). 
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Fig. 9. Measured splitting spectra of nine di_erent combinations with di_erent 
detector widths and di_erent grating lengths. Red (lower) lines represent the 
reection and blue (upper) lines represent the transmission. 
 
 
 
 
 
 
 

 
 
Fig. 10. Photocurrent splitting ratio versus grating length. Lines are from 
modeling and circles are the measured data. 
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Fig. 11. Measured insertion loss data versus grating lengths. 
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 With phase modulation, it is possible to realize high dynamic range analog optical links, provided the 

transmitted radio frequency (RF) signal can be linearly demodulated. The linearity of traditional 

interferometer-based phase demodulators, however, is often limited by their sinusoidal response. To 

achieve high linearity, negative feedback is introduced to suppress non-linearities arising from the phase 

demodulation process [1]. High feedback gain reduces the net phase swing across the demodulator such 

that it operates within the linear regime. Additionally, both the signal and the noise are reduced by the same 

feedback factor, so there is no penalty in signal-to-noise ratio (SNR) [1]. The challenge is to make a 

receiver incorporating feedback that is operable at high frequencies. Because high loop gain as well as a 

wide bandwidth is required for efficient phase tracking, the physical delay in the feedback path must be 

kept sufficiently short in order to prevent the loop from oscillating. Previously, we have demonstrated an 

ultra-compact grating-based beam splitter [2], which divides the incoming optical beams in a region, over 

30 times shorter than a conventional surface-ridge Multimode Interference (MMI) beam splitter. This key 

feature leads to a significant reduction in loop delay. 

In this paper, for the first time, we demonstrate the closed-loop operation of an integrated coherent 

receiver with the grating-based beam splitter. Fig. 1 shows both the schematic and the SEM photo of the 

integrated receiver with a direct interconnect (providing feedback) between the output of a balanced 

photodetector pair and a pair of optical phase modulators. The drive voltage to the modulator pair is 

obtained through the integration of the detector current across the capacitance of the detector and the 

modulator, and hence, the level of this drive voltage is proportional to the detected photocurrent level. 

When the photocurrent is sufficiently high to provide adequate loop gain, the integrated receiver can 

closely track signal phase. Consequently, the demodulated signal is very linear. 

The integrated receiver consists of a balanced pair of uni-traveling-carrier photodiodes, multiple 

quantum well phase modulators, and a compact 2x2 grating-based beam splitter fabricated on an 

InGaAsP/InP platform. Deeply-etched periodic structures form a strongly reflective grating and enable an 

ultra-short splitting region. A symmetric waveguide grating in the vertical dimension is created when the 

etch depth is deeper than the thickness of the entire slab waveguide and thus, the radiation loss can be 

minimized. 

We used an experimental analog optical link to characterize the linearity of the receiver. Details of the 

experimental setup are discussed in [3]. In Fig. 2(a) the signal-to-interference ratio (SIR) is 24.56 dB when 

the tracking modulators are turned off (feedback is negligible).When the modulators are turned on the SIR 

is 50 dB – an improvement of over 25 dB (Fig. 2(b)). Additionally, by measuring the noise floor we can 

determine the Spur Free Dynamic Range (SFDR) of the receiver (Fig. 3(a)). The measured noise floor 

(-130 dBm/Hz) is significantly higher than the calculated shot noise floor (-172.09 dBm/Hz) because of 

ASE noise from the optical source. Fig. 3(a) shows both noise floors. Assuming high loop gain and hence, 

complete phase tracking at 100 MHz and estimating the modulator Vπ to be 4.37V, the resulting shot noise 

limited SFDR is 117.7 dB･Hz
2/3

. The closed loop SFDR is expected to decrease as a function of frequency 

because at higher frequencies there is not enough loop gain for accurate phase tracking. Fig. 3(b) shows the 

SFDR at 1 GHz to be 11 dB lower than the SFDR at 100 MHz. Also, at higher bias voltages the SFDR 

decreases because of a combination of modulator non-linearity and reduced photocurrent. 

This work was supported by the DARPA PHOR-FRONT under US Air Force Contract FA8750-05-C-0265.  
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Fig. 1 Schematic and SEM of the integrated all-photonic receiver. 
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Fig. 2 Receiver output power spectra at 100 MHz, 10 mA photocurrent. (a) Modulator turned-off. (b) 

Modulator reverse-bias at 1 V. 
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Fig. 3 (a) The two-tone measurement at 100 MHz with modulator off and reverse bias at 1 V. (b) Shot noise 

limited SFDR results versus different modulator reverse biases at 100 MHz and 1 GHz. 
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Abstract— A balanced uni-traveling-carrier (UTC) waveguide
photodiode (PD) has been fabricated and characterized. The
balanced PD incorporates a multimode interference (MMI)
coupler as a light combiner/splitter with tunability of the output
power splitting ratio. The individual UTC-PDs demonstrate a 1
dB compression current of 80.5 mA and a third-order output
intercept point of 46.1 dBm at 60 mA, both representing the
highest reported for a waveguide PD. The ability to fine tune
the output power splitting of the MMI coupler allows for
optimization of source laser relative-intensity noise suppression.

I. INTRODUCTION

Balanced photodiodes (BPDs) are used in a number of
systems including microwave photonic links and coherent
communications systems [1], [2], [3]. In microwave photonic
links, differential detection with a BPD can be used to suppress
relative-intensity noise (RIN) leading to a lower overall noise
figure and improved dynamic range. To optimize the RIN
suppression, the photodiodes (PDs) in the BPD pair should
be precisely matched both electrically and optically, and the
incident optical power on each PD should be equal. Also for
high dynamic range microwave photonic links, such as that
in [4], it is desirable that the PDs demonstrate a high 1 dB
compression current and high third-order output intercept point
(OIP3).

We previously demonstrated the concept of current injection
tuning in a multimode interference (MMI) coupler/splitter in
a BPD in [5]. The output power splitting tunability of the
MMI coupler allows for optimization of source laser RIN
suppression, and increased fabrication and fiber alignment
tolerances. The PDs, which were uni-traveling-carrier PDs
(UTC-PDs) demonstrated a 1 dB compression current of
greater than 40 mA and OIP3 of 43 dBm at 20 mA and 34 dBm
at 40 mA. Here we have optimized the design of the tunable
MMI coupler and significantly improved the performance of
the UTC-PDs. The coupler can be fine tuned with low levels of
injected current while exhibiting low excess loss over a broad
wavelength range. The individual UTC-PDs demonstrate a 1
dB compression current of 80.5 mA and a OIP3 of 46.1 dBm
at 60 mA and 44.2 dBm at 80 mA. These represent the highest

Fig. 1. Plan view schematic of UTC-BPD.

reported 1 dB compression current and OIP3 for a waveguide
PD. In the balanced configuration, the OIP3 is subsequently
52.1 dBm and 50.2 dBm at 60 mA and 80 mA respectively.

II. BALANCED PHOTODIODE DESIGN AND FABRICATION

The waveguide BPD, shown in Fig. 1, consists of a pair
of high power UTC-PDs, a compact tunable MMI cou-
pler/splitter, and additional passive interconnection elements
including waveguide bends and tapers. The UTC-PD structure
sits on top of an InGaAsP waveguide layer. The monolithic
integration fabrication sequence consisted of a photodetection
region formation step followed by a p-cladding and p-contact
layer regrowth step. The components were all fabricated in
a surface ridge architecture. The structure was grown on
a semi-insulating InP substrate. To realize the balanced
configuration, the two adjacent waveguide UTC-PDs were
electrically isolated using etching and a high energy ion
implantation technique, and subsequently connected in series
using a monolithic metal interconnect.

A. Tunable Multimode Interference Coupler

The coupler used was a general interference MMI coupler.
The imaging length of a MMI coupler is extremely sensitive
to the multimode region width [6]. Additionally, the imaging
characteristics are dependent on the excitation at the input
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(a) Design 1. The tuning pad is 100 µm long, 6 µm wide, and is placed
in the center of the MMI region.

(b) Design 2. The tuning pad is 100 µm long, 2 µm wide, and is placed
in the center of the MMI region.

(c) Design 3. The tuning pads are each 100 µm long, 1.5 µm wide, and
are placed in the center of the MMI region along the length and 1 µm
from the edges along the width.

Fig. 2. Power imbalance and excess loss as a function of tuning current for
the three different tuning pad geometries.

of the multimode region, which can be altered by fiber
coupling misalignment. MMI couplers with tunable output
power splitting ratios can increase the design, fabrication, and
fiber alignment tolerances for devices that require well-defined
splitting ratios [7]. Tunable MMI couplers can also be used
for fine tuning the output power splitting ratio. This allows for
optimization of source laser RIN suppression in a BPD.

Tuning the splitting of a MMI coupler exploits the fact that
within the multimode region, the input field is reproduced
in single or multiple images at periodic intervals along the
direction of propagation. The interference of the self-images
at one interval leads to the formation of new self-images at the
next interval. By modifying the refractive index locally within
one interval where self-images occur, the phase relations
between the self-images at the next interval will be changed
thereby altering the final output images.

A straightforward way to realize a tunable MMI coupler
is to change the refractive index in locations where the most
distinct self-images occur such as halfway along the length of
the MMI. With a beam propagation method simulation, the
lateral positions of these self-images at the halfway point can
be identified by the points with high field intensity. If the
refractive index near the middle two self-images is changed
with respect to the refractive index near the outer two self-
images, or vice-versa, the output power splitting ratio will be
altered.

The refractive index of the material within the MMI can
be changed in a number of ways including carrier-induced
techniques such as the plasma effect, which leads to a negative
refractive index change [8], [9]. Reasonable refractive index
changes can be achieved with only modest carrier densities
therefore fairly low levels of free carrier absorption are in-
duced, which would otherwise reduce the net tuning effect
in the MMI coupler. In order to inject carriers and tune the
refractive index, a metal contact pad was integrated as shown
in Fig. 1.

Tuning pads with three different geometries were fabricated
and characterized. In all cases the length of the tuning pad was
100 µm where the total MMI region length was 350 µm, and
the tuning pads were placed in the center along the length
of the MMI region. The width of the MMI region was 8 µm.
Design 1 incorporated a single tuning pad that was 6 µm wide
and placed in the center of the MMI region along the width.
Design 2 incorporated a single tuning pad that was 2 µm wide
and identically placed. Lastly, design 3 incorporated two 1.5
µm wide tuning pads placed 1 µm from the edges so that the
spacing between the contacts was 3 µm.

B. Uni-Traveling Carrier Photodiode

The UTC-PD was utilized because this type of PD demon-
strates both high speed and high current operation [10]. In
a UTC-PD light is absorbed in an undepleted p-type narrow
bandgap layer (absorber) and photogenerated electrons sub-
sequently diffuse to a wide bandgap drift layer (collector).
Because electrons are the only active carriers and electrons
have a higher drift velocity than holes, space charge saturation
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Fig. 3. Normalized RF power as a function of DC photocurrent at 1 GHz
for varying bias voltages. The data is normalized to an ideal line with a slope
of 20 dB/decade.

Fig. 4. 1 dB compression current as a function of bias voltage at 1 GHz.

effects are reduced in comparison to to a traditional PIN
photodiode (PD).

The UTC-PD structures were grown above the InGaAsP
optical waveguide core and passive regions were formed by
selectively removing the PD layers. The thickness of the field
termination layer, a highly n-doped InP layer between the
waveguide and PD layers, could be tailored to adjust the
overlap of the optical mode with the absorber layer. A lower
overlap factor results in a longer absorption profile and in turn
a more uniform distribution of generated photocarriers along
the length of the PD. This reduces the space charge saturation
at the front end and improves the overall performance. As long
as the field termination layer is not made considerably thick,
only a slight increase in series resistance would be incurred
in increasing the thickness of this layer.

The UTC-PDs used in the BPD have a p-InGaAs absorber
that is 75 nm thick and is uniformly doped to a concentration
of 4E18 cm−3, an InP collector that is 200 nm thick and
is unintentionally doped, and a n-InP field termination layer

Fig. 5. Two-tone OIP3 as a function of photocurrent level.

Fig. 6. Two-tone OIP3 as a function of bias voltage for a photocurrent level
of 60 mA.

that is 70 nm thick and is doped to a concentration of 2E18
cm−3.

III. RESULTS AND DISCUSSION

For the MMI couplers, 50:50 splitting was achieved over
a wide wavelength range. To test the tuning properties of
the MMI couplers, the fiber was intentionally misaligned to
force an imbalance with a magnitude of around 1 dB with
no current injected, and then current was injected to tune to a
power imbalance of 0 dB. Here the power imbalance is defined
as 10log(POUT2/POUT1). The imbalance was measured with
light coupled to one input access waveguide.

Figure 2 shows the measured power imbalance and excess
loss as a function of tuning current for all three MMI tuning
pad designs. The excess loss is the excess total transmission
loss incurred as a result of increasing the tuning current and
modifying the splitting properties of the MMI coupler. With
the fiber misaligned, the the excess loss increased with tuning
current for all of the designs. Recall that these MMI couplers
performed optimally with no current injected. The intentional
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misalignment of the fiber changed the excitation at the input
to the MMI region. The purpose of this experiment was to
simulate a fiber misalignment for a packaged device, and test
the viability of tuning the MMI splitting with current injection
using the different tunable MMI designs. This situation could
also simulate a BPD with PDs that are not identical.

For design 1, the splitting improved as the injected current
was increased, however 50:50 splitting, or a power imbalance
of 0 dB, was not achieved within the current range applied.
Additionally, the excess loss was fairly significant. For design
2, with 5 mA of current, the splitting was tuned to a power
imbalance of 0 dB from an imbalance with a magnitude
slightly less than 1 dB while very little excess loss was
induced. For design 3, with two tuning pads, current could
be injected into each pad simultaneously, or into one pad
only. In Fig. 2(c), the input and output access waveguides
and the contact pads are labeled. Light was coupled to input
1 only and the fiber was misaligned so that a larger fraction
of the output power was measured at output 2, and the power
imbalance was slightly greater than 1 dB. Current was then
injected into contact pad P2 only (circles in the figure), P1 only
(triangles in the figure), and into both pads simultaneously
(squares in the figure). For current injected into P2 only, the
power imbalance could be tuned to 0 dB, however 12 mA of
current was required and greater than 1 dB of excess loss was
induced. For current into P1 only, the power imbalance could
be tuned to 0 dB with only 5.4 mA of current and less than
0.5 dB of excess loss. For current into both P1 and P2, the
power imbalance initially increased and then decreased to 0
dB at a current of 12 mA.

To characterize the UTC-PDs, the 1 dB compression current
and OIP3 were measured. The 1 dB compression current
was measured at various biases. Fig. 3 shows the normalized
RF power as a function of DC photocurrent at 1 GHz. The
response is fairly flat to greater than 60 mA and then begins to
decrease gradually. The 1 dB compression current for this PD
is 80.5 mA at a bias of -3.0 V. This high compression current
is attributed to the low front-end saturation resulting from the
relatively thick field termination layer. Figure 4 shows the 1
dB compression current as a function of bias voltage. The 1
dB compression current reaches a maximum at -3.0 V.

Third-order intermodulation distortion (IMD3) measure-
ments were carried out using a three-tone setup as in [11]. For
these measurements the fundamental frequencies used were f1

= 980 MHz, f2 = 1 GHz, and f3 = 1.015 GHz. Figure 5 shows
the two-tone OIP3 as a function of DC photocurrent. At 60
mA and a bias of -4.5 V, the OIP3 was 46.1 dBm. This is the
highest reported OIP3 for a WG-PD. Although high at all the
measured photocurrent levels, the OIP3 was highest at 60 mA.
The OIP3 at 80 mA, the highest photocurrent level measured,
was 44.2 dBm with a bias of -3.6 V. The bias was lowered at
80 mA to prevent thermal runaway. Figure 6 shows the two-
tone OIP3 as a function of bias voltage at a photocurrent level
of 60 mA. The OIP3 is highest at a bias of -4.4 V, and remains
higher than 40 dBm for biases as low as -2.5 V. At a bias of
-1.5 V, the OIP3 drops below 30 dBm.

IV. CONCLUSIONS

We have demonstrated a UTC-BPD with a tunable MMI
coupler for fine tuning the output power splitting ratio. With a
carefully designed tuning pad geometry, the power imbalance
can be tuned from 1 dB to 0 dB with little excess loss. The
UTC-PDs demonstrate a 1 dB compression current of 80.5 mA
and a OIP3 of 46.1 dBm at 60 mA and 44.2 dBm at 80 mA.
The 1 dB compression current and the OIP3 values represent
the highest reported for a waveguide PD.
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Abstract—As photodiodes become more linear, accurately 
characterizing their linearity becomes very challenging. We 
compare the IMD3 results from a standard two tone 
measurement to those from a more complex three tone 
measurement technique.  A Ge n-i-p waveguide photodetector 
on Silicon-on-Insulator (SOI) substrate is used for the 
comparison. Additionally, we analyze, via simulation, the 
limitations of the measurement system in determining the 
distortion of highly linear photodiodes. 

I. INTRODUCTION 
High performance analog optical links require photodiodes 

that have high power handling capability as well as high 
linearity [1]. Surface illuminated photodiodes with over 
700mA of photocurrent [2] and 3rd order Output Intercept 
Points (OIP3) in excess of 50dBm have been reported [3]. 
UTC based waveguide detectors with OIP3’s >40dBm have 
also been reported [4]. Improvements in photodiode linearity 
create significant measurement challenges. Namely, distortion 
from the measurement system influences and in some cases 
limits the measured third order intermodulation distortion 
(IMD3). Currently, various techniques are used to determine 
the IMD3 of photodiodes [3, 5, 6]. When two closely spaced 
pure radio frequency (RF) tones are incident on the device, the 
resulting IMD3 measured should emanate entirely from the 
distortion of the photodiode. One way to get a pure RF tone 
with 100% modulation depth is through a two-laser 
heterodyne system [7]. However, generating a second tone 
that is close in frequency to the first tone would require an 
additional pair of lasers. Moreover, all four lasers need to be 
closely matched in wavelength and immune to thermal and 
other drifts. The latter requirement necessitates the lasers in 
each pair be locked to each other, further complicating the 
measurement setup.  

An alternative to optical heterodyning is using external 
intensity modulators to generate two RF tones by modulating 
the output of two c.w. lasers. Although this greatly simplifies 

the measurement setup, it introduces nonlinearities into the 
measurement through the intensity modulators and RF signal 
generators. An alternate approach to the two tone 
measurement technique is to use three tones to measure IMD3 
[6, 8]. In this technique, some of the third order non linear 
distortion components generated in the device under test 
(DUT) are independent of the harmonics originating in the 
optical modulators and signal generators. 

In this work, we take a Ge n-i-p waveguide photodetector 
on SOI [9] and use both the above modulator techniques to 
measure its IMD3. It is observed that the two approaches yield 
OIP3 results that are consistent with each other. Next, we 
show mathematically that as the OIP3 of a photodiode 
increases the results from the two techniques diverge. We find 
that the two-tone technique is sensitive to non-linearities in the 
optical source whereas the same is not true of the three-tone 
technique. This establishes the three-tone measurement 
technique as the preferred technique for measuring very linear 
photodiodes.  

 
Figure 1.  Experimental setup: three-tone measurement 

II. EXPERIMENT 
Figure 1 shows a schematic of the three tone experimental 

setup. The output of three CW lasers with differing 
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wavelengths (Δλ ~0.5-7nm) are modulated separately at 
frequencies f1=980MHz, f2=1GHz and f3=1.015GHz. The 
modulators are biased at quadrature to minimize second 
harmonics. The three optical signals carrying RF modulation 
are combined and amplified by an Erbium Doped Fiber 
Amplifier (EDFA). Experimentally second order-
intermodulation distortion has been observed due to the 
coupling of the gain tilt of an EDFA with frequency chirp of 
the modulated input signal [10]. However, in this experiment 
we use x-cut y propagating LiNbO3 modulators whose chirp 
parameters are experimentally determined to be ~0.1[11]-a 
factor of 10 less than that of directly modulated 
semiconductor lasers [12]. Hence, the EDFA induced 
distortion can be assumed to be   negligible. 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%. The third order 
intermodulation distortion components are measured at 
frequencies (f1+f2) – f3, (f1+f3) – f2 and (f2+f3) –f1as shown in 
Figure 2. It is important to note that in a three tone linearity 
measurement such as this, IMD3 from the interaction of two 
tones is also generated. In other words, in theory, distortion 
components can be observed at 2fi –fk (i,k={1,2,3} ; i≠k).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Ilustration of IMD3 components in a three-tone experiment 

 As outlined in [6] the three-tone IMD3 is 6dB larger than the 
ideally measured two-tone IMD3. This can be inferred from 
the expressions below:  
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As the power in the fundamental tone (1) goes up by 1 dB, 
the power in both the two-tone (2) and three-tone IMD3 
components (3) go up by 3dB. Note that the two-tone and 

three tone IMD3’s differ by a factor of 2 (or 6dB in Electrical 
Power).  The three-tone IP3 is 3dB smaller than the two-tone 
IP3 [6]. Hence, a factor of 3dB is added to the three-tone IP3 
to relate this to the more commonly used two-tone IP3. 
  

III. EXPERIMENTAL RESULTS 
The device used for this experiment is a 7.4μm X 500μm 

evanescently coupled Ge waveguide photodetector that is 
grown on top of a Si rib waveguide. The 3dB bandwidth of 
the device is ~4.5GHz. Details of the device design and 
fabrication can be found in [9].  
  

 

 

 

 

 

 

 

 

 

 

Figure 3.  Sample experimental plot from a three-tone measurement 
(photocurrent =20mA; bias voltage across photodiode=2V)  

Figure 3 plots the output RF power (in dBm) in the 
fundamental signals, third order distortion components (both 
two-tone and three-tone) and second order intermodulation 
distortion components (IMD2) versus the change in input RF 
power (dB) into the device. As mentioned in the previous 
section, the change in input RF power essentially corresponds 
to a change in optical modulation index, which is 
experimentally determined to be between 20-30%. Note that 
for the first time, both the two-tone and three-tone 
characterization of a photodiode's IMD3 are simultaneously 
measured. This provides for an accurate comparison of the 
measurement techniques since the various experimental 
conditions (e.g. optical modulation index, input RF power 
etc.) in the measurement system remain relatively constant 
during the course of the measurement.  

 
 
 
 

 

 

 

 

 

Figure 4.  OIP2, OIP3 as a function of reverse bias (photocurrent=20mA) 
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Figure 4 summarizes the experimental OIP3 and OIP2 results 
as a function of reverse bias at a photocurrent of 20mA. 
Although the difference between the two-tone OIP3 and 
three-tone OIP3 is not quite the theoretical 3dB, it clearly 
follows the theoretical trend. This is important because in 
Section IV it will be shown via simulation that when the 
linearity of the device is very high (and the distortion of the 
measurement system begins to dominate), the two tone and 
three tone techniques yield very different OIP3 values.  
   

IV. NON-LINEARITIES OF MEASUREMENT 
SYSTEM 

In this section we study the effect on OIP3 due to 
distortion in the optical source carrying the modulated RF 
tones. A model is developed for the three tone experimental 
setup shown in Figure 1. If the input signal from the signal 
generator to the modulator is given as VRF=Vo(sinωt) and we 
assume a Taylor series expansion for the phase shift in the 
modulator we get:    = ( 1 + 2 2 + 3 3 + ⋯)                        (4) 

where Vπ is assumed to be 5.0V. Additionally, when the 
modulators are biased at quadrature, the output power (Pout) is 
related to the input power as follows:  = 2 (1 − )                                                   (5)  

Similarly, for the photodiode under test, the input optical 
power has two components: PDC and PRF and correspondingly, 
the output photocurrent has two components – a DC one given 
by IDC= a1PDC and an RF one given by:  = 1 + 2 2 + 3 3 + ⋯                                 (6)    

Figure 5 plots the IMD3 and IMD2 calculated using this 
model. The modulator is assumed to be linear (c2=0 and c3=0) 
and the non-linear coefficients assumed in the detector are 
indicated in Figure 6. From this calculation, the two-tone and 
three -tone OIP3 are found to be 42.218dBm and 39.208dBm.  
Since, these OIP3 values are similar to experimentally 
observed values [4] the range of relative non-linear 
coefficients of the photodiode used in this calculation (and 
subsequent calculations) can be assumed to be reasonably 
close to the devices in [4].  

 

 

 

 

 

 

 

 

 
Figure 5.  Calculated IMD3 and IMD2 (Pdc= 40mW)  

Next, we introduce distortion in the optical source as follows:    
c2/ c1=-0.01 and c3/ c1=-0.001. Figure 6 plots the OIP3 for 
both the two-tone and three-tone case as the second order non 
linear coefficient (a2) in the photodiode is varied, while 
keeping a3 fixed. It can be seen that depending on the 
magnitude and sign of a2 of the photodiode the calculated two- 
tone OIP3 can be either be ~6dB greater or ~3dB less than its 
actual value. Further, the three-tone OIP3 remains constant 
even as a2 is varied. In Figure 7 the third order non-linear 
coefficient (a3) in the photodiode is varied while keeping a2 
fixed. Again it can be clearly seen that the two-tone and three- 
tone OIP3 deviate from their 3dB difference as given by 
equations (2) and (3). 

 

 

 

 

 

 

 

                   

  
Figure 6.  OIP3 dependence on  a2 of photodiode                                             

 

 

 

 

 

 

 

 

 
Figure 7.   OIP3 dependence on  a3 of photodiode                                             

The deviation of the two-tone OIP3 from the actual OIP3 
value is a result of the interaction between the non-linear 
coefficients of the optical source (c2 and c3) and the 2nd order 
non linear coefficient of the photodiode (a2). To confirm this, 
in Figure 8, a2/ a1 =-1 is fixed and the OIP3 (both two-tone 
and three-tone) is plotted as a function of a3 while keeping the 
optical source perfectly linear (c2, c3=0).  Furthermore, in 
Figure 9 we reintroduce the earlier distortion in the optical 
source, but set a2=0, thereby eliminating any interaction 
between the photodiode 2nd order non-linearity and the 
modulator. In both cases, it can be observed that the two-tone 
and three-tone results maintain the 3 dB difference as expected 
from (2) and (3).  
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Figure 8.  OIP3 dependence on  a3 of photodiode with perfectly linear 

optical source (c2, c3=0)                                            

 

 

 
 

 

 

 

 

 

Figure 9.  OIP3 dependence on  a3 of photodiode with a2/ a1 =0 but not a 
perfectly linear optical source (c2/ c1 = -0.01 and c3/ c1 = -0.001)                                           

However, in reality there will be some second-order 
distortion coming from the optical source either due to a poor 
driver amplifier or improper biasing. Even if the intensity 
modulators are made out of a highly linear material (e.g. 
LiNbO3), as in the case of this experiment, and the 
modulators are biased at quadrature (to minimize c2), there 
will still be some residual second-order distortion due to 
thermal drift of the bias point. Additionally, having a2=0 in 
the photodiode is not possible, so the two-tone measurement 
system will always add a certain nonlinearity (or at least an 
uncertainty) to the measurement. Thus the three-tone 
measurement system should be used to eliminate possible 
errors coming from nonzero a2, c2 and c3. This is particularly 
true as the linearity of detectors approach numbers in excess 
of 40dBm.   

V. CONCLUSION 
In this paper we have performed a detailed experimental 

characterization of two different linearity measurement 
techniques on the same photodiode for the first time. Using a 
Ge n-i-p waveguide photodetector on a Silicon-on-Insulator 
(SOI) substrate we have simultaneously measured both the 
three- tone OIP3 and the two-tone OIP3. Comparing these 
results, we find that at a photocurrent of 20mA, the difference 
between the two-tone and three -tone OIP3 is approximately 

2-3dB, which is close to the 3dB predicted theoretically.  
Additionally, to show the need to adopt the more complex but 
more accurate three-tone measurement technique, we have 
modeled the measurement setup, introducing nonlinearities 
from both the optical modulator and RF signal generator. We 
find that the 2nd and 3rd order non-linear components (c2, c3) of 
the optical modulators affect the two-tone OIP3 measured in 
the detector because they interact with the photodiode non-
linear coefficients (a2 and a3). On the other hand, the three-
tone OIP3 remains unaffected by distortion in the optical 
source. Thus, as the linearity of photodiodes continues to 
increase, it is necessary to use a measurement technique such 
as the three-tone system to accurately characterize photodiode 
nonlinearities.   
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Outline/Contents

• Example application:  Antenna Remoting

• Optical Phase Modulation 
– Potential for high S/N and SFDR links

– Need for linear phase demodulators

• Optical Phase-Locked Loops (OPLLs)
– Need for close integration of PICs and EICs

– Application for linear phase demodulation

– LIDAR applications

– Application for remote mmW/THz generation

• Integration for Linear Optical Transmitters

• Other Examples of Advanced InP Integration Technology
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Example Application:  Antenna Remoting

• Phase Modulation (PM) in downlink enhances signal-to-noise and linearity
– > 100% modulation depth with linearity possible with LEO PM - E/O

• Now problem gets shifted to creating a linear optical receiver for high-dynamic 
range phase-modulated signals as well as linear TX link

O/E

E/O

TX

IM Optical Link

PM Optical Link
RX

LiNbO3 PM

RX RF

• Combine circulator with E/O ? 

opto-circulator (PM)

TX RF

• Can also address STAR issues  need to isolate RX from TX and protect LNA
– Even with perfect circulator and adaptive cancellation get transient large signals to RX

– Phase modulator preferredlarge input results in large phase modulation depth, not 
converted to large amplitude at remote receiver

– E/O acts as “opto-isolator”; traveling-wave E/O can combine circulator functionality

Simultaneous Transmit and Receive (STAR)

Coldren MWP 101409

•

Optical Phase Demodulation

Optical Homodyning
– Zero offset optical mixing

– Photocurrent ~ sine (optical phase)

Optical Heterodyning
– Optical mixing at offset frequency

– Optical phase  RF phase

– Mixed signal circuit phase recovery (in essence a time measurement)

signal

LO

i~sin(signal -LO)

P
h
o

to
cu

rr
en

t

Signal – LO phase difference

signal

LO

i~sin(Δf t+signal -LO)

0

0

RF phase 

recovery

0

0+Δf
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Coherent Receiver for Phase Modulated Signals
OPLL—NEED for PICs & close integration/EICs

Large-signal
modulation
•Open loop
•Closed loop

0
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MZ phase (rad)
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ho
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cu

rre
nt

Signal – LO phase difference

• Signal mixed with LO to demodulate optical phase
– Detected photocurrent ~ signal-LO phase difference
– Response is sinusoidal

• With feedback, output reduced by the loop gain:  
1/(1+T)
– Hybrid integrated EIC* provides amplification
– Operation within linear regime
– NEED VERY SHORT FEEDBACK PATH 

is ~ sin(signal - LO)

L.A. Johansson, H.F. Chou, A. Ramaswamy, L. A. Coldren, and J.E. Bowers, “Coherent optical receiver 

for linear optical phase demodulation,” Proc. MTT-S Microwave Sym., Tu3D-01 (June, 2007).

PD 1

PD 2

Interconnect
Surface ridge

• Homodyne:
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Integrated Coherent Receiver Results

J. Klamkin, et al, JSTQE, 44 (4) pp354-359 (Apr., 2008).

QW

Barrier

Absorber

1D mode profile

p+ InGaAs Absorber
n-InP Collector
InGaAsP MQW and 
Waveguide I1 dB = 80 mA

Waveguide-UTC saturation currents PD B

f = 1 GHz

Waveguide-UTC two-tone OIP3

 Record OIP3 for waveguide PD
= 46.1 dBm at 60 mA (PD B)  

-5 dB

Receiver link gain

A. Ramaswamy, et al, JLT, 26 (1) pp209-216 (Jan., 2008).

• 1.4 GHz OPLL BW—Loop delay limited
• SFDR = 131 dB-Hz2/3 @ 300 MHz

• For more on UTCs, 

See MWP’09 paper We.2.2
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Ultra-Compact Receiver Approaches

Trench-based beam splitter
• Frustrated total internal reflection (FTIR)

• Submicron splitting length

• Sensitive to fabrication

Flip-Chip Bonding

• Shortest interconnection

• Eliminate peripheral wirebond and shorten 
metal routing

• High-density  thermal vias needed 
EIC

PIC

TransmissionReflection

FTIR Trench

Grating-based beam splitter
• “Standard” fabrication process

• 10 μm splitting length

• Beam distortion issue

* Chen et al. OFC 2008
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Linear Coherent PM Receiver 
– Mixed signal approach

• XOR linear receiver
• Combine strengths of 

photonics (linear phase 
modulation) and electronics 
(mixed-signal circuits)

• Optical  RF frequency down-
conversion

• Perform linear phase detection 
using electronics

• Frequency division for 
increased linear phase range + 
subsampling

• Digitally recover full spectral 
content

Output

O
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RF

Clock Reference

XOR

Inphase (clock – RF)

Anti-phase

Integrate

Pi

4 Pi

ADC

ADC

ADC

ADC

XOR+Digital
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Additional OPLL Applications/Challenges

PLL

PM input

Coherent receiver

• Costa’s Loop for BPSK, QPSK 

demodulation

• No requirement for complex 

DSP circuits

• Challenge: Develop receivers 

for high speed (>100Gbaud) or 

high constellations (n-QAM)

• Matched with development of 

coherent sources

LIDAR

• Very rich/challenging area

• Locking tunable lasers

• Arrays of locked OPLLs

• Swept microwave reference

• Time / Phase encoding of 

directed output

• Need for rapid scanning and 

locking rates

mmW / THz generation

• Locking of two tunable lasers

• Requires Integration of high-

speed UTC photodiode

• Speed determined by UTC 

photodiode and feedback 

electronics: Can be very high

• Combined with antenna 

designs for complete TRX 

links with free-space path

PLL

PLL

PLL

PLL

PLL

mmW modulated 

optical out
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Application Goal - LIDAR

• Optical LIDAR using array of phase-locked widely-tunable lasers
– Ultra Agile 
– Beam-steering – No moving parts
– Precise scan rate – defined by synthesized microwave sweeper
– Fast and accurate

• Not possible using prior art
– Addition of frequency locking with phase locking for scan/locking speed 

– Resolution and accuracy only possible with close integration of widely-
tunable PICs and high-speed EICs 

Several directed beams possible
Reference    OPLL array • Fast phase-locking

 μs scan-rate

• Fast temporal / wavelength 
encoding
 Sub-mm resolution

• THz optical spread spectrum
 Near zero intercept 

probability
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State-of-art PLL Integrated OPFLL
• Search range: 100 GHz 100 GHz

• Loop Bandwidth: ~1 MHz ~2 GHz (PLL mode), 120 MHz (FLL 
mode)

• Lock-in Bandwidth: ~ +/- 3 MHz +/-100 GHz

• # Search points: 1.7*104 1

• Search rate: 0.16 s / point 1.3 ns / point

• Time to lock: 2.65 ms 1.3 ns (2x106 faster)

•Frequency scan range 100 GHz 100 GHz

• Frequency scan time 16 ms 4.0 ns (4x106)

(PLL slew-rate limit)

df/dt α fu2 (fu is the unity gain bandwidth)

OP(& Frequency)LL performance metrics:
Speed of operation/capture range—Integrated OPFLL

LO
laser

I

phase / frequency control loop

delay

Q

frequency
control

SGDBR

Photonic IC Electronic IC

fLf

fL

• High-bandwidth electronics
• Small loop delays  OE integration
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Application goal: mmW/THz

• Transparent photonic extension of RF path
– Limited reach of mmW/THz
– Long reach of SSB modulated optical carrier

• Current technology requires ultra-high-speed optical modulators 
with high-linearity & low loss.

• Offset phase-locking of two semiconductor lasers provides better 
source for remote mmW/THz generation
– Data modulation at base band
– Offset lock using rf mixer in electronics
– (or) Offset lock using optical phase modulator on PIC 
– Multiply offset via higher order PM lines or other optical comb source

Data
TX O/E

Functional optical link
mmW/THz

LO
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Phase-Locked SGDBRs/OPLL
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OPLL’d SGDBRs—Heterodyne

► EA modulator used to generate 5 GHz 
offset frequency

► Slave laser locked to modulation sideband

► Coherent beat observed

– 0.03 rad2 phase error variance in +/-2GHz 
BW estimated from captured spectrum

► Up to 20 GHz offset locking demonstrated
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Novel Linear Transmitter Concepts (IM)

1. Cartesian Feedback transmitter

– Build on PHOR-FRONT technology
– Feedback linearized architecture

2. Delta-Sigma optical transmitter

– 1-bit oversampled ∆∑ DAC with optical 

components
– 4th order Δ∑ modulator will generate 

66dB SQNR at 18 GHz (9x oversampling, 
2GHz IBW)

– MLL integrated with High-speed EAM for 
oversampling

 

 

SOA Mod. SOA Laser 
PD 

TIA 

Q 

EIC 

PIC 

LO 

 

I/Q mixer 

I/Q input signal 

Σ 
Σ I 

 

 

EIC 

PIC 

MLL MOD PD Filter 

MUX Driver 

8x9 GHz Data 

R
F out AMP 

ΔΣ Encoder 

Clock      Data 

72 GHz pulses  

2.

1.
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Examples of PIC Technology:
SOA-PIN & SGDBR-TW/EAM transceiver

• Data format and rate transparent 5-40Gb/s
• No filters required (same l in and out possible)
• On-chip signal monitor
• Two-stage SOA pre-amp for high sensitivity, 
efficiency and linearity
• Traveling-wave EAM with on chip loads
• Only DC biases applied to chip—photocurrent
directly drives EAM
• 40 nm wavelength tuning range

M. Dummer et al. Invited Paper Th.2.C.1, ECOC 2008.

Eye Diagrams
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Examples of PIC Technology:
Space Switching with Wavelength Converters

Wavelength 

Converter

AWGR

Wavelength 

Converter

Wavelength 

Converter

Wavelength 

Converter

Wavelength 

Converter

Wavelength 

Converter

Wavelength 

Converter

Wavelength 

Converter

OUT

IN

8    7   6   5   4   3   2   1

1

2

3

4

5

6

7

8

• Routing (space switching) with wavelength converters + dispersive elements 
such as arrayed waveguide routers AWGRs.  
• Separates active switching engine (WC) from passive fabric (AWGR) to reduce 
power density in the fabric

Monolithic Tunable Optical Router (MOTOR)
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MOTOR Results :  
Constant Input Port: 40 Gbps RZ

Output #1
1546nm  1552.1nm

Output #2
1546nm  1553.4nm

Output #3
1553nm  1543.9nm

Output #4
1547nm  1556.5nm

Output #5
1549nm  1557.6nm

Output #6
1545nm  1552.1nm

Output #7
1549nm  1560.2nm

Output #8
1546nm  1550.8nm

PRBS 27-1

•Power penalty at BER = 
1E-9 for PRBS 27-1 data at 
40 Gbps< 3.5 dB

(no AR coating)
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Growth of Functional Photonic ICs 

UCSB
MOTOR

Switch + diagnostic elements

Switch elements

Adapted from Prof. Meint Smit, Lecture at UCSB, Nov 7, 2008.  +  Nicholes, et. al., OFC’09 PDPB1, 2009. 

Coldren MWP 101409

Conclusions

• Closely integrated Photonic ICs (PICs) with Electronic 
ICs (EICs) can provide high-bandwidth Optical Phase 
Locked Loops (OPLLs) for a wide variety of linear 
coherent optical sensing and communication functions

• Monolithic integration technology on InP has reached a 
level of maturity that many optical circuit elements can 
now be successfully combined on a single chip to 
enable such functionalities.  

• Examples of the above have been illustrated.  
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Abstract 

Novel monolithic programmable optical filters are proposed and demonstrated. Deeply-etched waveguides are 

used throughout. Unit cells, incorporating a ring resonator in one arm of a Mach-Zehnder, have given 

programmable poles and zeros; cascaded unit cells have yielded flat-topped band-pass filter characteristics. 

I. Introduction 

Programmable optical filters have the potential to improve 

latency in real-time signal processing applications compared 

to digital approaches.  The idea of programmable optical 

filters was suggested over two decades ago [1], however their 

complexity, control, and stability have all been limited by the 

inability to integrate the optical components on a chip.  More 

recently, channel selection and add/drop multiplexer filters 

have been shown for WDM applications using micro ring 

resonators as well as larger ring geometries [2-6].  We 

propose a family of IIR (infinite-impulse-response) and FIR 

(finite-impulse response) optical filters that can be 

constructed from arrays of unit cells that incorporate a ring 

resonator within one branch of a Mach-Zehnder 

interferometer (MZI).  These can be used as “channelizing” 

or “matched” filters to prefilter massive amounts of incoming 

analog data in nearly real time to identify signal bands or 

signatures that are worthy of further more detailed digital 

signal processing.  This analog filter application is very 

challenging in that it requires fully programmable filters with 

much broader wavelength and bandwidth tunability than 

channel selection filters.  Therefore these filters would 

consist of many sections with many ring resonators.  Here we 

discuss the building blocks of these filters consisting of one 

and two unit cells. 

II. Material Platform and Waveguide Design 

The device design is based on a standard InGaAsP 

active/passive Offset Quantum Well (OQW) platform with a 

300nm 1.3Q waveguide layer and 7 OQWs with a total 

confinement factor of 7.1% [7].  A single blanket regrowth of 

p-cladding following active/passive definition was utilized.  In 

order to minimize radiation loss from waveguide bends and 

simultaneously keep the fabrication as simple as possible, the 

device uses a deeply etched waveguide design. Fig.1a shows 

the mode profile for the deep etch design.  Since the mode has 

a large contact area with the waveguide sidewalls, the 

fabrication of smooth anisotropic sidewalls becomes 

 
 a)  b) 

Fig.1 a) Simulated mode profile for deep etched ridge. b) SEM 

image of deep etched ridge waveguide. 

 

extremely crucial to avoid optical scattering loss and surface 

recombination currents. 

Photolithography and a dual mask process using a 55nm Cr 

layer on top of 500nm SiO2 was employed to define the 

waveguide mask. The deep etching was then carried out in an 

ICP system using a Cl2:H2:Ar chemistry and a Si carrier wafer. 

Previous papers have reported the use of this etch chemistry 

and the importance of using an Si-carrier for dry etching 

InGaAsP [8],[9]. In this work the etch conditions were 

optimized to give anisotropic and smooth sidewalls. Fig.1 

shows a cross section of a deep etched waveguide.  

Using the cleave-back method on deeply etched active and 

active/passive ridge lasers, the waveguide loss was extracted, 

and the results are summarized in Table 1.  Both the loss 

numbers and threshold current densities are very encouraging.  

Comparing the passive loss to that of 3µm surface ridges 

formed with a crystallographic wet etch (1.9 cm
-1 measured) 

suggests that there is not significant scattering loss added from 

the sidewalls. The low threshold current densities for the 3µm 

ridges confirm that the surface recombination current at the 

 

Table.1 Loss coefficients and threshold current data for deeply 

etched waveguides measured under pulsed conditions. 

Ridge width 

[µm] 

αi  

[cm-1] 

αp  

[cm-1] 

Threshold current density / well 

[A/cm-3], (Laser length>1500µm) 

3.0 8.5 2.2 75.7±7.8 

1.8 11.4 - 129±12.4 
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sidewalls is not a major issue for this ridge width. However, 

the higher threshold current densities for the narrower 1.8µm 

ridges imply a larger portion of the injected current goes into 

surface recombination. For this reason, all active gain sections 

in the device design have waveguides of 3µm; while the 

waveguide is tapered down to 1.8µm at the input of couplers 

to reduce the coupling length. 

Gain measurements from deeply etched SOAs show large 

signal gains of about 260 dB/cm (60 cm
-1
) with an output 1-dB 

saturation of 8.4 dBm.  This gain is about 25% higher than 

what we have seen using the same OQW platform with surface 

ridge waveguides of the same width. 

 

3 4

a) 

 
b) 

Fig.2 a) Schematic and b) SEM picture of the Single Ring Unit 

cell. 

III. Device Design 

A. Single Ring Unit Cell 

The simplest filter design incorporates one ring and a 

parallel “feed-forward” waveguide.  This is the Single Ring 

Unit Cell, shown fabricated in the SEM picture, Fig.2b; a 

schematic drawing is also shown in Fig.2a.  When a signal is 

input to port 1, it encounters two interfering branches, one of 

which contains a ring resonator. A first-order pole response is 

created by the ring.  A first-order zero response is created by 

the Mach-Zehnder Interferometer that is formed from the 

independent paths of the ring and the feed-forward waveguide. 

Thus, FIR and IIR filter responses can be synthesized between 

ports 1 and 2 as well as between other pairs of ports.  The 

response of this unit cell is tuned in amplitude via active SOA 

regions in each path.  The phase is tuned by carrier injection 

into passive waveguide sections via the free-carrier-absorption 

effect. We have formulated the scattering parameters for the 

single ring unit cell, shown here in a simplified form for an 

input to port 1 and an output at port 2.   
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The A, B, and C coefficients include the loss from various 

elements in the structure including waveguide, MMI 

transmission, and MMI coupling loss. Gff and Gring are the gain 

provided by the SOA for the feed-forward and ring 

respectively. The response of the zero can be isolated by 

applying a reverse bias to the SOA in the ring, and likewise 

the response of the pole can be isolated by applying a reverse 

bias to the SOA in the feed-forward waveguide.    

In the fabricated device, the resonator has a length of 

915µm and the length difference of the MZI arms is 330µm, 

corresponding to an FSR of 0.7nm (87Ghz) and 2nm 

(249Ghz) respectively. In addition to the active SOAs and 

passive phase tuning pads, a number of short passive pads or 

“taps” were included, Fig.2b. By reverse biasing these taps in 

different places along the unit cell, the individual components 

can be better understood. By calibrating the quantum 

efficiency of the taps using separate test structures, the taps 

can ultimately be used as sensors which together with feed-

back loops can stabilize the filter operation.  

B. Cascaded Unit Cells 

When two single ring unit cells are cascaded, a system 

with 3 coupled rings is created. The transfer function of this 

system has 6 total poles.  3 are created by individual rings, 

while 3 are manifest in the coupling between rings. 2 of the 

coupling poles are formed by the “figure-eight” path formed 

by 2 rings, and 1 is created by the similar combination of 3 

rings. Cascaded coupled ring unit cells were fabricated 

together with the single ring unit cells, shown in Fig. 3. The 

fabricated device has a resonator length of 1500µm. The 

design – like the Single Ring Unit Cell – includes passive 

contacts that act as phase modulators or “taps.” 

The possibilities for the response from the coupled ring 

system is great, as the poles and zeros can be tuned via the 

SOAs and phase modulators.  In general, many unit cells can 

be cascaded, allowing for the synthesis of complex filters.  For 

example, a flat-topped bandpass response of any order can be 

synthesized for an input to port 1 and an output at port 2 by 

applying a reverse bias to the feed-forward SOAs (SOA1 in 

the schematic), and applying a forward bias the ring SOAs.  

This coupled-ring bandpass filter could be suitable for WDM 

add/drop filter applications [3]. To synthesize a narrow 

bandwidth filter, reverse and forward biases are applied to the 

SOAs in alternating rings, effectively cascading the poles from 

every other ring.  For example in our 3-ring system, this is 

accomplished by reverse biasing the SOA in the center ring.  

With the rings no longer coupled, their poles can be located at 

the same wavelength to create a sharp filter response.  The 

MZI structures created by the feed-forward waveguides can be 

tuned to eliminate neighboring poles and improve the effective 

FSR of the filter. 
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Fig.3 SEM of a Cascaded Unit Cell including 3 coupled rings. 

IV. Results 

A. Single Ring Unit Cell 

Measurements of the filters were made by fiber coupling 

broadband light from an Amplified Spontaneous Emission 

(ASE) source into the chip and fiber coupling the output into 

an Optical Spectrum Analyzer (OSA). All testing was 

performed CW at room temperature. An MZI response was 

generated by reverse biasing the ring SOA to -9V to shut off 

the resonator; the feed-forward SOA was also reversed biased 

at -4V in order to balance the coupling loss induced by the 

path going through the resonator. The resulting MZI zero 

shows an extinction ratio of 15dB, and the S21 simulation (1) 

was fitted with AGff=0.8B, Gring=0, Fig. 4a. The pole response 

was measured between ports 3 & 4 with the ring SOA biased 

at 17mA (Ith=20mA), resulting in an extinction ratio of 15dB 

with a pole FWHM of 0.067nm (8.5GHz), corresponding to a 

resonator Q-value of 23,000, as shown in Fig. 4b.  Simulations 

fits a pole value of CGring=0.76 with Gff=0. 

B. Cascaded Unit Cells 

Fig. 5 shows a simple 2
nd
-order pole response measured 

from the device illustrated in Fig. 3. This was created by 

turning off the feed-forward waveguides and the third ring by 

applying a reverse bias to their respective SOAs; the 

remaining two 2 rings were tuned to create a band-pass filter 

with a 0.302 nm (37.7 GHz) FWHM.  Given the strong 3 dB 

interstage coupling in this filter, a relatively wide-bandwidth, 

low-extinction passband results.   

IV. Conclusion 

We have designed and fabricated the building blocks for a 

novel programmable filter entirely based on deep etching.  By 

optimizing ICP etch conditions in Cl2:H2:Ar chemistry we 

have achieved low loss passive waveguides and high active 

gain.  Basic filter characteristics are demonstrated, including a 

high-Q single-ring-resonator pole response and a MZI zero 

response. By monolithically cascading unit cells, a band-pass 

filter was realized. 
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a) 

 
b) 

Fig.4 Measured Single Unit Cell responses with superimposed 

S21 simulations using (1). a) MZI zero response; b) Resonator 

pole response. 

 

 
Fig.5 Measured and simulated throughput from 2-coupled-

ring bandpass filter tuned to ~ 0.1 dB ripple with a 0.302 nm 

(37.7 GHz) FWHM. 
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InGaAsP/InP is proposed and demonstrated. A multiple-thickness hard mask that compensates for 
RIE-lag realizes waveguides and EBS gaps in a single etch step. 
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1. Introduction 
 

Ring resonators are a basic building block in filters needed for DWM applications and analog signal processing, 
resonators should ideally have small footprint and be easily integrateable with other PIC structures. The problem 
when scaling down resonators lies with the coupler since the length of the coupler ultimately limits the total ring 
length. Directional couplers are most often used when the resonator sizes are reduced; however when the ring size 
shrinks, the coupler region and amount of cross coupling reduces accordingly. In order to have enough cross 
coupling the inter waveguide distance must be made extremely small. For lateral directional couplers this implies the 
use of electron-beam lithography and more difficult fabrication; and even when using sub-micron features the 
directional couplers have cross-coupling limited to only a few percent. A solution to this problem is the Etched 
Beam Splitter (EBS)[1,2], an extremely compact coupler that allow the full range of cross/bar coupling ratios. 
Byungchae et al. have previously demonstrated an EBS in the AlGaAs/GaAs system with passive micro-ring 
resonators [3]. In order to achieve integration with conventional InP PIC technology, we have extended to the 
InGaAsP material system and report in this work for the first time on active ring resonator devices with EBS used 
for input/output coupling. 
 

2. Flattened Ring Resonator Design and Simulations 
 

Ring resonators are most often based on bent waveguides, when reducing the size of the resonator the bend radius 
decreases accordingly, whence a need for higher confinement is crucial to avoid radiation losses. In our design we 
therefore use a deeply etched waveguide to highly confine the mode laterally. But to obtain smaller ring 
circumferences without extremely small bend radii, we propose a novel flattened ring design, figure 1a). This design 
is a natural extension of the EBS coupler into a ring resonator, where the length of the ring is defined by the incident 
angle at the EBS coupler together with the bend radius of the waveguides, 45/RL  . It has the major advantage 
of a reduced bend radius as compared to circular or racetrack type resonators that utilize directional couplers, the 
reduced bend radius translates into less optical scattering loss. 
 

R

Θ

EBS EBS

 

Transmission Reflection

Input

 

Reflection

Transmission

 
a) b) c) 

Fig 1. a) Schematic illustration of flattened ring resonator design. b) EBS design and 2D-FDTD simulation. c) Simulated power splitting 
as a function of incident angle and gap width. 

     
    The EBS design proposed in this work is the first based on high confinement waveguides, previous work have 
investigated EBS in weak guides [1,2]. Utilizing an EBS gap of air offers the smallest critical angle (18º), and thus 
the largest bend radius for a fixed resonator length. The EBS design is shown in figure 1b), varying the gap width 
and incident angle adjusts the amount of power reflected or transmitted through the process of Frustrated Total-
Internal Reflection (FTIR) [4]; simulation results from 2D-FDTD is shown in figure 1c), the complete range of 



power splitting is evident. For the EBS design, a given incident angle has an optimal shift between input and output 
waveguides, as expected due to the Goos-Hanchen shift [5]. 
 

3. Fabrication of EBS in InGaAsP/InP 
 

There have been a few papers that investigated ICP etching of InGaAsP using Cl2:H2:Ar chemistry [6,7]. We have 
previously optimized the conditions of this etch to yield smooth and straight sidewalls for deeply etched 
waveguides, for which low passive loss was demonstrated [8]. In this work we have further developed the etch to 
yield higher aspect ratio for the EBS gaps; we found Cl2:H2:Ar = 7.6:11.4:2, 800W ICP, 125W RIE and 8mT to be 
the optimal conditions. Surprisingly, better results was achieved with 8mT rather then lower pressures(~1.5mT), this 
is attributed to a Si-passivation layer being responsible for the anisotropy [7], and not a low etch pressure as in the 
case of many other RIE etch chemistries. 

The FDTD simulations show that the loss in the EBS is very sensitive to rotational misalignment of the EBS gap 
with respect to the waveguides, for this reason we simultaneously define the EBS gaps and the waveguides. using 
standard photolithography. In the process of high-aspect-ratio deep etching, an aspect dependent etch rate (RIE-lag) 
is present, this is a well documented effect [9], and very hard to avoid by only varying etch parameters. This limits 
the EBS gap depth that can be achieved while keeping the waveguides in other areas at reasonable heights (< 6µm); 
the etch depth of the EBS gap might be less than half of that in planar areas, figure 2a). We address the RIE-lag 
problem by using a novel multiple-thickness hard mask. First, both EBS and waveguides are patterned into a 500nm 
SiO2 mask using standard photolithography, secondly, using a lift off technique with low temp SiO2 deposition a 
second layer of SiO2 is added everywhere except around the EBS, figure 2b). When the ICP deep etch takes place, 
the EBS region effectively etches for a longer time then the waveguides and hence the RIE-lag effect is 
compensated as illustrated in figure 2c). With the conditions given above the selectively is 1:20 for SiO2:InP, thus a 
second deposition of 150nm SiO2 translates into an extra 3µm of etch depth in the EBS region; for a 0.4µm wide 
EBS gap the depth is increased from 2µm to 3µm, a critical improvement in order for the optical mode to see the 
TIR mirror as the waveguide layer is located at a depth of 1.8µm from the top. 

 

 

150nm SiO2

0nm SiO2

500nm SiO2

650nm SiO2

  
a) b) c) 

Fig 2. a) RIE-lag limits the EBS gap depth. b) Multiple-thickness SiO2 mask effectively delays the waveguide deep etch. c) RIE-lag is reduced 
yielding higher aspect ratio EBS gaps 

 
After the simultaneous deep etch of the EBS and the waveguides, only a single non-critical extra lithography step 

is needed in order to fully integrate the EBS couplers with our standard active PIC fabrication process; this is the 
removal of SiN on the EBS mirrors, figure 3. 
 

4. Active Flattened Ring Resonators 
 

In this work we used an InGaAsP Active/Passive Offset Quantum Well (OQW) platform with a 300nm 1.3Q 
waveguide layer and 7 OQWs with a total confinement factor of 7.1% [10]. The resonator design utilized 3µm wide 
waveguides with a bend radius of 500µm and EBS with an incident angle of 24º; this yields a total resonator length 
of 838µm. The resonator has a 375µm long gain region and two passive metal contacts for current injected phase 
tuning, figure 3. 

 
SOA

PM

 
 

Fig.3 Fabricated active flattened ring resonator with an SOA, two Phase Modulators (PM) and EBS for in/out coupling 



All measurement was done in room temperature CW, for LIV measurements an on chip passive pad outside the 
ring was used as photodetector, the quantum efficiency of this is very low, thus the optical power indicated in figure 
4a) is arbitrary. The lasing spectra were captured using a lensed fiber to an Optical Spectrum Analyzer (OSA), it 
shows single mode lasing with a SMSR up to ~35dB, figure 4b). The threshold currents decreases as a function of 
EBS gap width as less output coupling is provided, the data is based on 22 devices with three different gap widths. 

 

   
a) b) c) 

Fig.4 a) LIV characteristic for an EBS ring resonator. b) Lasing spectra for same device at 65mA. c) Threshold currents as a function of 
EBS gap width, mean values and standard deviations indicated. 

   
These proof of concept results verify that the material structure, etching technology, and device designs are 

capable of providing state-of-the-art ring-resonator results with nearly arbitrary input/output coupling levels.  From 
the low CW threshold current densities and de-embedded losses observed in these and other experiments, we can 
project that much smaller circumference rings should operate cw at room temperature, and results on such rings as 
well as more details on the EBS couplers will be presented in the oral presentation.    
 

5. Conclusions 
 

In this paper we have proposed a new micro-ring resonator design based on deeply etched flattened rings; the EBS 
design has been optimized using 2D-FDTD simulation. A novel hard masking process was demonstrated, which 
produced high aspect ratio EBS gaps together with deeply etched waveguides in a single etch step. The EBS 
fabrication is fully compatible with other InGaAsP-based PIC structures; active EBS-coupled flattened-ring 
resonators are demonstrated for the first time. 
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1.  Introduction 

Semiconductor ring lasers (SRLs) are attractive components for all-optical signal processing.  They typically lase 

bidirectional at low drive current and unidirectional at high current due to gain suppression between the competing 

clockwise (CW) and counter-clockwise (CCW) modes.  This unidirectionality can potentially be utilized for bistable 

operation by switching between the lasing directions.  Bistable switching has been demonstrated for various ring 

designs including circular [1], racetrack [2], and triangular with TIR mirrors [3], and in a variety of laser structures 

including InGasAs/InGaAlAs/InP [2], GaAs/AlGaAs [4], and InP/AlGaInAs [5].  Current research in the field by 

Hill et al. has shown switching speeds can be as fast as 20 ps [6], and by Calabretta et al. that switching can be 

directionally independent [7].   

Recently high speed all-optical signal processing designs have been proposed such as a >100 GHz analog-to-

digital converter as a milestone for future photonic integrated circuit (PIC) applications [8].  These systems rely on 

all-optical switching and can gain advantage from monolithically-integrated coupled SRLs for low power 

consumption, faster operation speeds, and high-order functionality without the need for additional cleaved facets.  

Such complex structures can benefit greatly from SRLs with phase pads for independent tuning of each laser and tap 

pads to monitor the power within each coupled SRL during operation.  We have evaluated single-port injection 

triggered switching of SRLs with gain, phase, and tap pads as a building block for all-optical signal processing. 

In this paper, we present an initial investigation of the switching mechanism between the CW and CCW modes 

in a new class of SRLs under injection from a single tunable laser from the same port.  We found switching between 

both lasing directions can be achieved by changing wavelength while using only one port.  Such findings are critical 

for SRL use in integrated photonic devices where much of the prior research on directional switching has been 

shown for injections into two counter-propagating ports [5,9].  The use of a single switching port greatly simplifies 

device design by reducing operation complexity with the potential to reduce the device area, the number of 

components including SRLs, and thus increase speeds for such devices as the >100 GHz all-optical analog-to-digital 

converter. 

2.  Material platform and Waveguide Design 

The experimental devices integrated active and passive waveguide sections together using an offset quantum-well 

(OQW) integration platform [10], in the InGaAsP/InP materials system.  The common passive waveguide consisted 

of a 300 nm thick 1.3 µm Q-layer, and the active sections added 7 QWs with a total confinement factor of 7.1% on 

top of this.  Deeply etched waveguides of ~5 µm were used to minimize radiation loss and allow for tight bending 

radii, although the minimum used was 100 µm.  The deep etching was achieved using an ICP RIE system with an 

Cl2:H2:Ar gas mixture to fabricate smooth and vertical sidewalls that are crucial to creating low loss bends.  As 

recommended by Bouchoule et al., it was necessary to place the sample on a Si carrier wafer during the etch to assist 

in the formation of passivation compounds for smooth sidewalls [11].   

The ring has a circumference of 1150 µm with 390 µm active Semiconductor-Optical-Amplifier (SOA) for gain, 

a 100 µm passive phase adjust pad, and a 100 µm passive tap pad to measure the power inside the ring during lasing.  

The waveguides are tapered from 3 µm at the SOA for high gain to 1.8 µm at the coupler to allow for shorter 100 

µm couplers to be used.  Two coupler variations, a 3dB Multimode-Interference (MMI) and a ~6 dB zero-gap 

directional coupler, are used in the ring designs.  An SEM photo of the finished ring with metal p-contacts is shown 

in Fig. 1 with an MMI coupler.  The two coupler designs and their coupling dependence on wavelength are shown in 

Fig 1b. and Fig 1c.  The MMI coupler provides better coupling uniformity across wavelengths while the zero-gap 

directional coupler varies from 8dB to 5dB cross-coupling. 
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Fig. 1a. SEM of fabricated SRL with MMI coupler, 1b/c. MMI/zero-gap coupler splitting ratio vs. wavelength  

3.  Switching Results 

Inherent bistability in the SRL can be observed as the drive current is increased as shown in Fig. 2.  Bidirectional 

lasing occurs just above threshold, however the SRL becomes unidirectional as the current is increased to 75 mA 

where the CW mode is dominant and suppresses the CCW mode.  At 90 mA this state is reversed and the CCW 

becomes dominant suppressing the CW up to the peak current at 175 mA.  To observe injection triggered switching, 

the SRL was biased to 160 mA to assure strong suppression between the two modes and high output power levels.  

 

 
Fig. 2a. Bistable SRL Power vs. Current plot, 2b. Schematic of device  

The bistable switching observed for a single injection port is wavelength dependent, while there are several 

specific wavelengths that can induce switching.  The unidirectional ring lasing power inside the cavity with a 3 dB 

coupler was 9.5 dBm (6.5 dBm on-chip output power) with an injected switching power into the cavity of -25dBm.  

Low power switching can be achieved with triggering powers ~35dBm less than lasing power.  The FSR of the 

cavity was 0.55 nm at 1.55 µm lasing operation, and a detuning of 0.04 nm between the CW and CCW modes was 

observed on an optical spectrum analyzer (OSA).  Figure 3a shows the output SRL spectrum from a single port 

when each of the modes is dominant showing an on/off power extinction ratio of 18 dB.   

To test the switch’s wavelength dependence, the tunable laser was swept in 0.01 nm increments while the two 

reverse biased SOAs were used to monitor the power in each direction as the ring switched from CW to CCW and 

then back to CW as shown in Fig. 3b.  Switching occurred when the injected tunable laser was 0.01 nm from one of 

the side peaks of each mode’s lasing spectrum.  Therefore all potential switches occur at (for integer n ≤ 3, where 

CWo,λ  and CCWo,λ  are typically detuned by ~0.04 nm): 

( )FSRnCCWCWoSwitchCCWSwitchCW ×±= /,/ λλ .  (1) 

However, as shown by Fig. 3b at 1557.15 nm and 1557.85 nm a complete switching does not always occur.  The 

number of complete switching wavelengths was improved by slowing the sweep speed and increasing the injected 

power.  Further improvements to switching may be realized by using a narrow linewidth injection source to 

maximize the energy coupled into a single mode.  Once switched, the stability of the CW and CCW states was 

verified for over an hour with no external injection.  Additionally, for both stable states the lasing mode comb was 

shifted by 0.3 nm using the phase pads and the temperature changed by ±10
o
 C using a thermo-electric cooler 

Input Bar 

Cross 

Bar 

Cross 

Input 

c) b) 

 

 

  

Active 

CW CCW 

Phase pad 

Reverse Biased SOA 

Tap pad 

SRL  

Passive 

SOA 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 50 100 150

Ring Laser Current (mA)

O
u
tp
u
t 
L
a
s
e
r 
P
o
w
e
r 
(m
W
) CCW Mode

CW Mode

a) 

a) b) 

SOA 

Tap 
Phase 

Pad 

 Passive 

waveguide 

 

 

       a203_1.pdf  
 

       IWA2.pdf  
 

© 2009 OSA/IPNRA/NLO/SL 2009
       IWA2.pdf 

 



without triggering a switch.  Switching results are reported here for operation at 20
o
 C indicating that near-room 

temperature operation of such devices is possible. 
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Figure 3a. Lasing spectrum overlay of CW and CCW modes, 3b. Directional switching plot 

4.  Conclusion 

We have characterized single port switching in a new class of SRLs containing gain, phase, and passive waveguide 

sections for greater control and flexibility in coupled SRL systems.  The switching is highly wavelength dependent, 

in which 0.01 nm matching between the injected wavelength and the SRL lasing peaks is crucial for consistent 

switching.  The required switching power was ~35 dB below the SRL lasing power.  This new class of integrated 

SRL is a promising building-block for all-optical signal processing where each SRL requires independent phase 

adjustment and optical power monitoring inside the cavity.  We have used a fabrication and material platform that is 

extendable to more complex PICs and these building blocks are fully compatible with other InGaAsP/InP PIC 

devices.  Additionally, their scalability to smaller sizes is mainly coupler limited.  Future work might use these 

building blocks to integrate on-chip tunable sources, detectors, and coupled rings for even greater capability.  
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Abstract:  We demonstrate the first integrated optical phase-lock loop (OPLL) photonic IC, 
containing two SG-DBR lasers with >5 THz tuning range, a balanced detector pair and output 
modulators. A proof-of-concept homodyne OPLL demonstration has been performed.  
©2007 Optical Society of America 
OCIS codes:  (250.3140) Integrated optoelectronic circuits, (060.1660) , Coherent communications (060.5060),  
(060.2360)  Fiber optics links and subsystems. 

 

1. Introduction 

Optical phase-locked loops (OPLLs) are routinely constructed using low-linewidth solid state or external cavity 
lasers. They are more challenging to build using wide linewidth semiconductor lasers due to the required short 
feedback delay. Past semiconductor laser OPLL demonstrations have typically used miniature bulk optics to meet 
these latency requirements [1,2]. In this paper, we demonstrate for the first time, an integrated optical phase-lock 
loop photonic integrated circuit in which all required optical components are integrated, including lasers, 
waveguides, couplers and photodetectors, as well as optical modulators. This eliminates the latency and instability 
from free-space or fiber optical paths to allow a very fast and robust OPLL.  

Moreover, the OPLL photonic IC is built using widely-tunable lasers with over 5 THz wavelength range. This is 
key to several applications. First, it allows the development of homodyne coherent receivers in the form of Costa’s 
loop, without the requirement for complex, power hungry DSP electronics to manage laser phase noise. The relative 
simplicity of the Costa’s loop will also allow scaling to high data rates, >100Gbps. Second, an OPLL with 5 THz 
wavelength tuning range will allow coherent beam forming for sub-mm resolution LIDAR applications. Third, 
together with a THz photodetector, it will allow optical heterodyne signal generation with a DC to 5 THz frequency 
range with maintained coherence. Applying optical phase or amplitude modulation to one optical line will now 
generate a coherent phase or amplitude modulated THz signal. This is the target application for this paper. The 
photonic integrated circuit is described in section 2 and a proof-of-concept homodyne OPLL demonstration is 
described in section 3. 

 

2.  Optical Phase Lock Loop Photonic Integrated Circuit  

A diagram of the PIC is shown in Fig. 1, and the corresponding SEM image is shown in Fig. 2, left. The PIC 
epitaxial structure has been grown on an S-doped InP substrate by MOCVD. The integration platform used here is 
often referred to as “Offset Quantum Well Platform” and has been described in more detail in [3] and references 
therein. In this platform, the light is guided by a 300 nm 1.4Q surface-ridge-waveguide core layer, which forms a 
basis for “passive” components: waveguides, Multimode Interference Splitters/Couples (MMIs), and Franz-Keldysh 
modulators. Above this layer, the epitaxial material structure contains a 119-nm Multiple-Quantum-Well Region 
(MQW) region that forms a basis for “active” components: gain sections in SGDBR lasers, SOAs, as well as 
photodetectors. The “active” MQW region is defined by wet etching, as the very first processing step, followed by 
grating patterning/etching, waveguide p-cladding re-growth, and the rest of the steps, main of which are: surface-
ridge wet etching, top N-contact wet etching and deposition, BCB patterning for modulators and detectors, P-metal 
pads, P-metal via etching, P-metal deposition, wafer thinning, and back-side N-metal  deposition.    

Light from each of the two SGDBR lasers is first divided by a 90-µm-long 1 X 2 MMI splitter into two equal-
power components, and all four components are amplified by four 400-µm-long SOAs. One of these two 
components from either laser is used for the feedback loop, and the other is used for the PIC output. The half-power 
component from either laser that is used in the feedback loop first enters a 340-µm-long 2 X 2 MMI coupler (with 
tuning pads), which is, in turn, followed by a balanced receiver, containing two 250-µm-long phase modulators. 
These phase modulators are followed by a pair of 50-µm-long active photodetectors that can be used as a balanced 
receiver. The residual light that is not absorbed in the photodetectors will additionally be absorbed in 200-µm-long 
curved (7˚) active sections with grounded pads. The P-metal electrodes for both types of detectors are supported by 
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BCB and are connected to 100 µm X 100 µm RF pads, which are laid out in a G-S-G-S-G-S-G configuration (150 
µm pitch) on either side of the PIC for direct probing. 
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Fig.1. Functional schematic of chip. 

 
Each of the other two half-power components from the 1 X 2 MMI splitter (directed toward the output) is first 
passed through a 400-µm-long phase modulator before entering a 340-µm-long 2 X 2 MMI coupler (with tuning 
pads). These two modulators connect to the same RF pads as the photodetectors mentioned above. Following the 2 
X 2 MMI coupler, light passes through a 250-µm-long additional amplitude modulators in each branch that can be 
used for electronic monitoring of the PIC’s output. Similar to the feedback loop, one of the modulators is followed 
by a photodetector (also for electronic monitoring of the output), while the other is followed by a 7˚ curved output 
waveguide with AR coated facet. The back sides of the SG-DBR lasers are also AR coated. The output modulators 
connect to RF pads that are identical to those in the feedback loop. Total length of the PIC is about 6.6 mm and its 
width is about 450 µm. 

  

1520 1540 1560
1580

0

20

40
-100

-50

0

Wavelength (nm)

D
etuning (nm

)

O
p

ti
ca

l 
P

o
w

er
 (

d
B

m
)

 
 

Fig.2. Left) SEM of Integrated OPLL PIC. Right) Output spectra from heterodyne optical source. 

 
The SG-DBR lasers have more than 40nm wavelength quasi-continuous tuning range. By keeping one laser at fixed 
frequency and tuning the second laser, a heterodyne optical output signal is generated from the photonic IC where 
the heterodyne difference frequency can be selected over the full 0 to 5 THz frequency range, corresponding to the 
40nm tuning range. This is illustrated by Fig. 2, right, where a series of optical spectra are captured to illustrate the 
output frequency range. 

 

3. Proof-of-Concept OPLL Demonstration 

A simplified schematic of the proof-of-concept OPLL arrangement is shown in Fig. 3, left. One of the integrated 
photodetectors is used to detect the beat signal between the two SG-DBR lasers. The detected photocurrent is then 
used to generate the wavelength tuning current applied to the phase section of one of the SG-DBR lasers, now acting 
as a current-controlled oscillator. A FET-transistor is required to translate the reverse biased detector current, to a 
forward biased phase section injection current.  The detector load is tailored to generate a second order loop transfer 
function with lag compensation. In addition, the phase section is terminated by an inductor to compensate for the 3-
dB bandwidth of the FM response of the SG-DBR laser (around 100MHz). The resulting loop bandwidth is around 
300MHz. The free-running heterodyne beat signal is shown in Fig. 3, center, on a linear amplitude scale. The 
FWHM of the beat signal is around 300 MHz. However, it has been shown that the linewidth of SG-DBR lasers is 
dominated by low-frequency jitter [4], and as such, the phase noise can be well suppressed by a 300MHz loop 
bandwidth, as evidenced by the results below.  
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By splitting off part of the output of each laser before heterodyne detection, the phase and amplitude of each 
locked laser can be individually controlled. The two laser signals are then combined a second time, but now the 
heterodyne beat signal will carry any applied phase or amplitude modulation. In other words, this source has the 
potential to translate optical vector modulation to modulation on a coherent mmW or THz beat signal. For this 
homodyne OPLL demonstration, an applied phase modulation will directly result in a change in output amplitude 
due to coherent combination with the second laser output. This is illustrated by Fig. 3, right, where relatively pure 
phase modulation is applied by injecting a current into the phase modulator, resulting in a change in detected 
photocurrent in the on-chip monitor photodiode. This confirms successful optical phase locking of the two lasers. 
The finite extinction is a result of imbalanced detected power from the two lasers. In contrast, changing the 
modulator phase when the OPLL is unlocked, results only in the observation of residual amplitude modulation of the 
phase modulator, as also seen in Fig. 3, right. 
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Fig.3. Left) Schematic of proof-of-concept OPLL demo. Center) Free-running laser heterodyne signal. Right)  Interference between two locked lasers 

 

4. Conclusion 

In this paper we have demonstrated a monolithically integrated optical phase-locked loop photonic circuit in which 
all required optical components are integrated, including lasers, waveguides, couplers and photodetectors. This 
device includes widely tunable lasers with 5 THz tuning range and a capacity to apply modulation to a single optical 
line, translating optical vector modulation to a optical heterodyne signal. A simple proof-of-concept homodyne 
OPLL demonstration has been performed, confirming the suitability of SG-DBR lasers as a VCO laser in an OPLL. 
Future mmW heterodyne OPLL versions will fully utilize balanced detection, already in place on the photonic IC 
and integrated feedback electronics to increase the loop bandwidth and reduce laser amplitude noise fed back into 
the loop, for lower resulting phase noise.  
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Abstract—We demonstrate proof-of-concept heterodyne locking 
of the first optical phase-locked loop photonic integrated circuit. 
The circuit contains two sampled-grating distributed reflector 
lasers monolithically integrated with optical amplifiers, 
multimode interference splitters/couplers, and high-speed 
modulators and photodetectors. 

I. INTRODUCTION 
An optical phase-locked loop (OPLL) is a control system 

that exhibits both essential similarities and fundamental 
differences when compared to its RF counterpart. In an RF 
phase-locked loop (PLL), a mixer is used to detect a phase 
difference between an input signal and an output of a local 
voltage-controlled oscillator (VCO). The mixer produces a 
phase error signal that is filtered and applied to the VCO, 
tuning its output frequency to have a fixed phase relation with 
the input signal frequency. In an OPLL, however, a 
photodetector detects a phase difference between an input 
optical signal and an output of a local current-injection tunable 
laser, which effectively plays a role of a current-controlled 
oscillator (CCO) and is a direct equivalent of the VCO [1]. 
The phase error signal produced by the photodetector is 
filtered and applied to the CCO, tuning its output frequency to 
have a fixed phase relation with the input optical signal 
frequency. This locking can be implemented in a homodyne 
fashion, where the frequencies of the input light and the CCO 
output light are the same, or in a heterodyne fashion, where 
these frequencies are different (also referred to as offset 
locking). Because in heterodyne locking the photodetector 
produces a beat signal at an offset frequency, the beat signal is 
usually down-converted by mixing with an RF reference at the 
same frequency in order to generate the phase error signal that 
tunes the CCO.  

There are many applications that utilize homodyne and 
heterodyne locking. For example, homodyne locking provides 
high receiver sensitivities [2] and can be used for coherent 
demodulation in double-sideband suppressed carrier (DSB-

SC) communications [3]. Heterodyne locking of several 
“slave” lasers at the same frequency, which is offset relative to 
a reference “master” laser’s frequency, can be used to produce 
a high-power coherent beam combination (CBC) [4]. In 
addition, heterodyne locking of two lasers has been 
successfully demonstrated in producing coherent optical beats 
with frequencies in the GHz region [5]. This single-sideband 
source can find many applications in microwave photonics.  

Unlike an RF PLL, an OPLL is not easily locked. In an RF 
PLL, the RF oscillator is spectrally pure, and the feedback 
loop bandwidth is relatively large in comparison to the 
frequency of the input signal. The large loop bandwidth can 
easily compensate for the small phase noise of the RF 
oscillator. In an OPLL, however, the tunable laser linewidth 
can be in the MHz range, and the feedback loop bandwidth is 
small compared to the frequency of the input signal, which is 
~193 THz (1550 nm). The feedback loop bandwidth is 
typically smaller, and its latency is larger, compared to the RF 
PLL because of the large size of optical components and 
interconnects. Consequently, for successful locking of an 
OPLL, researchers have used either a very narrow linewidth 
lasers (kHz range) with large and slow feedback loops [6], or 
wide linewidth semiconductor lasers with very compact bulk 
optics necessary to achieve small loop latencies [5], [7]. 

Recently, we have demonstrated homodyne locking of the 
first OPLL photonic integrated circuit (OPLL-PIC) [8]. The 
OPLL-PIC is monolithically integrated, and its compactness 
allows the use of wide linewidth tunable semiconductor lasers. 
The small OPLL-PIC is robust and provides for easy 
packaging. In this work, we demonstrate proof-of-concept 
heterodyne locking the OPLL-PIC. 

II. AN OPTICAL PHASE-LOCKED LOOP PHOTONIC 
INTEGRATED CIRCUIT 

Fig. 1 shows a schematic of an OPLL-PIC and the external 
feedback electronics used in the heterodyne experiment. In 
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Figure 1.  A schematic of the OPLL-PIC and the electronic feedback 
circuit used in a heterodyne locking experiment.   
 

 
Figure 2.  An SEM image of a fully fabricated OPLL-PIC after 
mounting on a test-carrier and wire-bonding. 
 

this section, we describe the OPLL-PIC. The details about the 
feedback loop and the heterodyne locking experiment are 
presented in Section III.  

The monolithically integrated OPLL-PIC contains two 
widely tunable sampled-grating distributed reflector (SG-
DBR) lasers, as well as semiconductor optical amplifiers 
(SOAs), multimode interference splitters/couplers (MMIs), 
and high-speed modulators and photodetectors. Light from 
each SG-DBR laser is split equally using a 90-µm-long 1x2 
MMI, and each of the four output components is amplified 
using a 400-µm-long SOA. After amplification, the outputs 
from the two SG-DBR lasers are combined in two different 
340-µm-long tunable 2x2 MMIs. One of the two MMIs is part 
of the OPLL-PIC feedback loop, and it has a 250-µm-long 
high-speed modulator followed by a 50-µm-long high-speed 
photodetector on each of its two output waveguides. The two 
photodetectors are used to provide the phase error signal to the 
feedback loop and can be used either separately or in a 
balanced pair configuration. The other MMI is part of the 
OPLL-PIC output. This MMI has a high-speed modulator on 
each of its two input waveguides, and similar to the feedback 
MMI, it also has a high-speed modulator on each of the two 
output waveguides. The output MMI, however, has a high-
speed photodetector following a high-speed modulator only on 
one of its two output waveguides. This photodetector is used 
to monitor the coherent output beat signal in the electrical 
domain. The other output waveguide of the MMI is used to 
monitor the output beat signal from the output of the OPLL-
PIC in the optical domain. The output waveguides are curved 
(7º) and their facets are anti-reflection coated in order to 
minimize reflections. The length of the OPLL-PIC is 6.6 mm, 
and the width is 0.45 mm. Fig. 2 shows a scanning electron 
microscope (SEM) image of the OPLL-PIC mounted on a 
carrier and wire-bonded. As can be seen in Fig. 2, there are 
four 100 µm x 100 µm G-S-G-S-G-S-G RF pads (150 µm 
pitch) used for direct probing of the high-speed modulators 
and photodetectors in both feedback and output sections of the 
OPLL-PIC.  

Our monolithic integration platform is referred to as the 
“Offset Quantum Well Platform” [9]. The epitaxial structure is 
grown on a 2-inch S-doped InP wafer using Metalorganic 
Chemical Vapor Deposition (MOCVD). An “active” 119-nm-
thick multiple-quantum-well (MQW) region that provides gain 
is grown on top of a “passive” 300-nm-thick 1.4Q layer. The 
passive layer is used to guide light as well as provide 
modulation either via carrier plasma effect, in the forward-bias 
operation of the modulator diodes and phase sections of the 
SG-DBR lasers, or via the Franz-Keldysh effect, in the 
reverse-bias operation of the modulator diodes. The active 
devices (SOAs, SG-DBR gain sections, and photodetectors) 
are defined by wet etching, after which the gratings in the 
back-side and front-side SG-DBR laser mirrors are defined by 
Electron Beam Lithography. Subsequently, the p-cladding 
regrowth is done, and surface-ridge waveguides are wet 
etched. The rest of the main fabrication steps include dry 
etching and deposition of top-side n-contacts (used for high-
speed modulators and photodetectors), BCB patterning for 
high-speed modulators and photodetectors, p-contact 
metallization, proton implant isolation of passive waveguide 
sections between devices, wafer thinning,  and back-side n-
contact metallization (used for all of the low-speed devices). 

III. HETERODYNE LOCKING DEMONSTRATION 
As shown in Fig. 1, in the heterodyne locking of two SG-

DBR lasers, one laser plays the role of the CCO (the slave 
laser), and its frequency is tuned by current injection into the 
phase section [10]. SG-DBR lasers offer several key 
advantages for OPLL applications. Their tuning sensitivities 
are ~20 GHz/mA, and they are an order of magnitude larger 
than those of the semiconductor lasers typically used in OPLL 
applications [5]. Their large sensitivities provide large loop 
gains and make OPLLs more stable. In addition, SG-DBR 
lasers have more than 40 nm (>5 THz) of quasi-continuous 
wavelength tuning range. Consequently, the OPLL-PIC can 
generate coherent optical beams at very high frequencies and 
can also provide broadband wavelength operation in 
homodyne applications. Fig. 3 illustrates this point, where a 
discrete incremental detuning of one integrated, unlocked SG-
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Figure 3.  Optical spectra corresponding to incremental discrete detuning 
between the two on-chip unlocked SG-DBR lasers.   
 

 
Figure 4.  Combined linewidth of two unlocked integrated SG-DBR 
lasers. 

DBR laser relative to the other is plotted. Lastly, unlike 
distributed feedback (DFB) lasers [5], SG-DBR lasers do not 
exhibit phase sign inversion when tuned via current injection 
into the phase section. It is hard to compensate this phase 
inversion using feedback electronics. 

 The relatively large linewidth that is characteristic of the 
SG-DBR laser is dominated by low-frequency jitter [11] and 
therefore can be well compensated by using the compact 
feedback loops achievable with monolithic integration. We 
measure linewidths of our lasers to be between 10 MHz and 
50 MHz using a 30-µs-delay self-homodyne technique. Fig. 4 
shows the combined linewidth of two integrated unlocked SG-
DBR lasers to be ~300 MHz when measured using an external 
photodetector and electrical spectrum analyzer.      

In the heterodyne locking of the first integrated OPLL, we 
do not use an external mixer, which, as explained in 
Introduction, is a common practice [1]. Rather, for a proof-of-
concept demonstration, we utilize sideband locking. In this 
scheme, the frequencies of the two SG-DBR lasers are 
detuned by the amount corresponding to the desired coherent 
beat frequency, i.e., Δf. The combined laser outputs are then 

modulated with a high-speed modulator at the output of the 
feedback 2x2 MMI at the same frequency Δf. As shown in 
Fig. 1, the modulator is voltage-driven in the reverse bias 
regime, where the drive voltage (Vreverse) is applied using a 
microwave synthesizer. As the detuning frequency and the 
modulation frequencies are the same, a sideband of one laser 
occurs at the same frequency as the center frequency of the 
other laser, and sideband locking becomes possible. A phase 
error current signal is generated in the photodetector and 
provided as an input to the feedback electronic circuit, where 
it is amplified and filtered. Subsequently, the phase error 
current signal is applied to the phase section of the slave SG-
DBR laser, adjusting its output frequency to have a fixed 
phase relation to the output frequency of the master SG-DBR 
laser. 

 A FET transistor in the feedback loop is used to amplify 
and adjust the polarity of the phase error current signal from 
the photodetector so that it can be used to drive the phase 
section of the slave laser. The total load seen by the feedback 
photodetector is designed to provide a second-order transfer 
function with lag compensation. The LR circuit is designed to 
have a zero at a frequency close to the pole in the FM 
frequency response of the slave laser, making it a more 
controllable device. The 3-dB point in the FM frequency 
response of the SG-DBR laser is ~70 MHZ. Since the laser 
itself acts as an integrator, the remaining RC circuit is required 
to provide only a single pole. This is achieved with the larger 
of the two resistors that dominates at low frequencies. The 
smaller resistor dominates at frequencies closer to the 3-dB 
point and provides a zero that is necessary to improve stability 
of the loop at the frequencies where the gain becomes unity. 
The resulting bandwidth of the loop is ~300 MHz, which, as 
we show below, is sufficient for locking an SG-DBR laser, in 
large part due to the fact that the phase noise of SG-DBR 
lasers is dominated by low-frequency jitter. 

Figs. 5(a) and 5(b) show oscilloscope traces of the OPLL-
PIC optical output before and after locking it with a 5 GHz 
microwave signal, which is also used to trigger the 
oscilloscope. Locking is achieved by gradually bringing the 
detuning frequency closer to the modulation frequency. As 
shown in Fig. 5(a), before locking, the phase noise is so large 
that only the envelope of the beat is observed. When the 
OPLL is locked, most of the power from the beat is in the 
locked state, as shown in Fig. 5(b). Occasional cycle slipping 
of the OPLL is evident in the jitter shown in Fig. 5(b). Fig. 6 
shows the corresponding phase noise spectrum of a locked 
OPLL-PIC, measured using an external photodetector and an 
electrical spectrum analyzer. The phase noise reaches maxima 
at frequencies ~300 MHz below and above the 5 GHz offset 
frequency because the loop becomes unstable when operating 
at frequencies exceeding its bandwidth (~300 MHz). 

There is a significant noise penalty associated with the 
sideband locking scheme because the power in the sidebands 
is a fraction of the power in the main lobes, producing an 
inefficient mixing in the photodetector. For the same reason, 
the modulation power needed for successful locking in our 
experiment is around 10 dBm. The noise penalty could be 
decreased by using an external RF mixer, which is a more 
complicated setup. In the future work, feedback electronics 
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Figure 5.  Oscilloscope traces of the OPLL-PIC optical output (a) before 
and (b) after heterodyne locking of the SG-DBR lasers at a 5GHz 
frequency offset. Both traces are 500 ps long. 
 

 
Figure 6.  Phase noise spectrum of the OPLL-PIC output corresponding 
to heterodyne locking of the two SG-DBR lasers at a 5 GHZ frequency 
offset. 
 

will be integrated to further improve the loop bandwidth and 
decrease the phase noise. In addition, the on-chip feedback 
photodetectors will be used in a balanced configuration, which 
should decrease the phase noise penalty due to laser amplitude 
noise.      

IV. CONCLUSION 
In this paper, we have demonstrated a proof-of-concept 

heterodyne locking of the first integrated OPLL. The OPLL-
PIC contains two SG-DBR lasers monolithically integrated 
with SOAs, MMIs, and high-speed modulator and 
photodetectors. The monolithic integration enables small-

latency (large-bandwidth) feedback loops, necessary to 
compensate for wide linewidths of SG-DBR lasers, and 
semiconductor lasers in general. SG-DBR lasers offer large 
tuning sensitivities, they are well-behaved when used as 
CCOs, as they do not suffer from the phase inversion problem, 
and they offer wide wavelength tuning ranges, i.e., large 
coherent beat frequencies. The OPLL-PIC contains on-chip 
modulators that can be used for modulation of a coherent 
millimeter-wave beat. The technology is robust, has a small 
footprint, and provides for easy packaging. Future 
improvements of the OPLL will be achieved by using both 
feedback detectors as a balanced receiver pair in order to 
reduce laser amplitude noise, which increases the phase noise 
of the OPLL. In addition, more sophisticated, integrated 
feedback electronics will be used in order to further decrease 
the feedback loop latency, thereby decreasing the phase noise 
of the OPLL. 
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Abstract—New advances in high-efficiency, high-speed 980 nm
vertical-cavity surface-emitting lasers (VCSELs) are presented.
The tapered oxide aperture was optimized to provide addi-
tional mode confinement without sacrificing its static low-loss
performance. The pad capacitance was reduced by using BCB,
removing the n-contact layer, and shrinking the pad dimension.
The mesa capacitance was also lowered by using a thicker oxide
aperture and deep oxidation layers. With all these improvements,
our devices demonstrated > 20 GHz bandwidth, the highest
for 980 nm VCSELs, and 35 Gb/s operation at only 10 mW
power dissipation, corresponding to the highest reported data-
rate/power-dissipation ratio of 3.5 Gbps/mW.

Index Terms—Oxidation, optical interconnects, optical modula-
tion, semiconductor lasers, Vertical-cavity surface-emitting lasers
(VCSELs).

I. INTRODUCTION

IN the past several years, vertical-cavity surface-emitting
lasers (VCSELs) have received renewed interest due to

their applications in optical interconnects, which are becoming
widely used, partially because of possible reductions in system
power dissipation. Due to the intensive worldwide research
efforts, the performance of VCSELs, particularly in high-
speed aspect, has made tremendous progress in just the past
few years. In 2006, 25 Gb/s operation was first reported by
N. Suzuki et al. [1]. In 2007, data rates of 30, 35, 40 Gb/s
were consecutively demonstrated by K. Yashiki et al. [2],
the authors [3], and T. Anan [4], respectively. In the year of
2007, data rate of VCSEL was pushed from 25 to 40 Gb/s, a
significant progress.

Table I summarizes the state-of-the-art high-speed VCSEL
structures and results in three different wavelengths. At 850
nm, 30 Gb/s was reported by R. Johnson in 2008 [5]. At
980 nm, 35 Gb/s was our results. At 1.1 µm, 40 Gb/s was re-
ported by T. Anan. By examining the structures of these record
VCSELs, we can see what the requirements to achieve high-
speed operation are. Thick low-dielectric-constant materials
such as silicon oxide, Benzocyclobutene (BCB), and polymide
have to be used for reducing the pad capacitance. The mesa
capacitance has to be lowered by either ion implantation or
deep oxidation layers. The optical modes need to be confined
by oxide aperture or buried tunnel junction. On the other
hand, there are unique features for each device. For example,
highly-strained InGaAs/GaAs quantum wells (QWs) are used
in Anan’s devices to achieve high differential gain.

Manuscript received November 3, 2008; Revised December 3, 2008. This
work was supported by DARPA via ARL.

The authors are with the Department of Electrical and Computer Engi-
neering, University of California, Santa Barbara, CA 93106 USA (phone:
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Fig. 1. Cascaded two-port model of diode laser.

Compared with the other two devices that operate best at
∼ 6 µm, our devices can be much smaller due to their lower
cavity losses associated with the lens-like tapered aperture [6].
Therefore, the threshold current of our devices is much lower
at 0.14 mA for a 3 µm diameter device, and because the
resonance frequency varies inversely with the square-root of
the photon volume, our devices are fast at small biases, achiev-
ing a 20 GHz bandwidth at just 2 mA. In addition, smaller
devices with low cavity losses are more power efficient,
which is very important for optical interconnect applications.
A data rate of 35 Gb/s was demonstrated at 4.4 mA with
only 10 mW power dissipation, corresponding a record data-
rate/power-dissipation ratio of 3.5 Gbps/mW. All these results
are enabled by carefully designing the tapered oxide aperture
for low loss and high confinement, optimizing the distributed
Bragg reflector (DBR) mirror, incorporating the deep oxidation
layers, and reducing the pad capacitance.

The paper is organized as follows: Section II presents the
theoretical background for directly-modulated VCSELs. The
device designs are covered in Section III. Section IV shows
the device fabrication. The results and discussion are given in
Section V. Finally, Section VI concludes the paper.

II. THEORETICAL BACKGROUND

For directly-current-modulated VCSELs, the bandwidth
is determined by the intrinsic laser properties as well as
the extrinsic parasitics. To make our discussion easier, we
will consider them separately using the cascaded two-port
model [7], shown in Fig. 1, to isolate the parasitics from the
intrinsic laser. The intrinsic laser is defined as the active region
approximately in the apertured area where carriers and photons
interact via absorption and emission. The parasitics, defined
between the intrinsic laser and driving circuit, are split into
the pad parasitics and chip parasitics at the metal contacts.

The input variables of the VCSEL are the drive voltage, vd,
and current, id. The voltage and current seen by the intrinsic
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TABLE I
STATE-OF-THE-ART HIGH-SPEED VCSELS

Wavelength (nm) Authors Features Achievements

850 R. Johnson et al. [5]
• Thick silicon oxide
• Proton implantation
• Oxide aperture

• Ith=0.75 mA for 6 µm devices
• 19 GHz bandwidth
• 30 Gb/s operation at 8 mA

980 Y.-C. Chang et al. [3]

• BCB
• Deep oxidation layers
• Low-loss high-confinement

tapered oxide aperture

• Ith=0.14 mA for 3 µm devices
• >20 GHz bandwidth
• 35 Gb/s operation at 4.4 mA

1100 T. Anan [4]

• Polymide
• Ion implantation
• Buried tunnel junction
• Optimized active region

• Ith<1 mA for 6 µm devices
• 24 GHz bandwidth
• 40 Gb/s operation at 5 mA

laser are va and ia, respectively. The output variables are the
output power, p, and frequency shift, ∆ν. For short-distance
optical interconnects, dispersion is negligible and ∆ν will not
be discussed. The currents entering the pad and chip parasitics
are ip and ic, respectively.

A. Intrinsic laser limitations

The dynamic behaviors of diode laser are commonly ana-
lyzed using small-signal frequency response. For diode laser,
the modulation response can be approximated as [8]:

Hint(ω) ≡ p(ω)
ia

=
A

ω2
r − ω2 + jωγ

(1)

where A is an amplitude factor, ω is the angular modulation
frequency, ωr = 2πfr is the relaxation resonance frequency,
and γ is the damping factor.

The relaxation resonance frequency is the natural oscillation
frequency between the carriers and photons in the laser cavity
and can be approximately expressed as

ωr =
[
vgaNp

τp

]1/2

=
[

vga

qVp
ηi(I − Ith)

]1/2

(2)

where vg is the group velocity, a is the differential gain at
threshold, Np is the photon density, τp is the photon lifetime,
q is the electronic charge, Vp is the mode volume, ηi is
the injection efficiency, I is the bias current, and Ith is the
threshold current.

The relaxation resonance frequency basically determines
how fast an intrinsic laser can be modulated, provided the
damping is not severe. To improve the high-speed perfor-
mance, the relaxation resonance frequency must be increased.
As shown in Eq. (2), higher differential gain and larger photon
density increase the relaxation resonance frequency. Several
approaches have been shown to increase the differential gain,
such as using quantum dots active region [9], adding strain
in the QW [10], and p-doping the active region [11]. The
photon density can be increased by increasing the current that
contributes to the photon number, ηi(I − Ith), and/or reducing
the mode volume. The mode volume can be reduced using
dielectric DBRs [2] in the longitudinal direction and photonic
crystals [12] in the lateral direction.

Since the relaxation resonance frequency increases with the
bias current, a figure-of-merit to evaluate how efficient an
intrinsic laser can be modulated is the D-factor [13]:

D ≡ fr

(I − Ith)1/2
=

1
2π

[
vga

qVp
ηi

]1/2

To evaluate the device’s overall high-speed performanace,
modulation current efficiency factor (MCEF) is used:

MCEF ≡ f3dB

(I − Ith)1/2

where f3dB is the 3-dB frequency. If the parasitics and damping
are small, MCEF ≈ 1.55D.

The damping factor, γ, is given as:

γ = vgaNp

[
1 +

Γap

a

]
+

1
τ∆N

+
ΓR′sp

Np
(3)

where Γ is the confinement factor, ap = −∂g/∂Np, τ∆N is
the differential carrier lifetime, and R′sp is the spontaneous
emission rate into the modes. At high photon density, the
first term on the right hand side dominates, and γ increases
proportional to Np and hence f2

r . The proportionality between
γ and f2

r is the K-factor, which determines the theoretical
maximum 3-dB frequency:

f3dB|max =
√

2
2π

K

B. Extrinsic parasitic limitations

When dealing with high-frequency devices, parasitics are
always a concern. Parasitics divert the modulated current id
from entering the intrinsic laser due to ip and ic. In most cases,
it is desirable to minimize the parasitics so that the intrinsic
bandwidth can be achieved.

Fig. 2 shows a cross-sectional schematic of an oxide-
confined VCSEL superimposed with its parasitic elements.
The pad capacitance, Cp, represents all the capacitances be-
tween the signal and ground from the probe tips/driver to the
metal contacts. The value of Cp varies from tens to hundreds
of femto-farads, depending on the pad layout and the materials
between the pads. Typical high-speed VCSELs employ thick
low-dielectric-constant materials such as polymide or BCB
underneath the signal pad to reduce Cp. The pad resistance,
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Fig. 2. Cross-sectional schematic of VCSEL superimposed with its parasitics.

Rp, accounts for the pad loss. Since it is usually relatively
small, in the ohm range, compared with the impedance of Cp
at the frequency of interest, it is sometimes omitted in the
small-signal model.

The mirror resistance, Rmirr, includes the resistances from
both the n- and p-DBRs. Rsheet represents the sheet resistance
in the n-contact layer, and Rcont is the contact resistance for
both contacts. All these resistances, usually dominated by
Rmirr, can be grouped together into Rm = Rmirr +Rsheet +Rcont
in the small-signal model. The mesa capacitance, Cmesa, is
the oxide capacitance, Cox, in series with the capacitance
associated with the intrinsic region below the aperture, Cint.
Cmesa depends on the pillar size and the thicknesses of the
oxide and intrinsic layer.

The capacitance, Cj, represents the diode junction capac-
itance in the apertured area where current flows. It is the
sum of the depletion capacitance and diffusion capacitance.
Under normal forward bias condition, Cj is dominated by
the diffusion capacitance, which models the modulation of
the carriers stored in the intrinsic separate-confinement het-
erostructure (SCH) region [14]. It has been shown that the
diffusion capacitance not only depends on the carrier lifetime
but also depends on the length/grade of the intrinsic SCH
region [15]. By decreasing the doping setback and grading the
SCH, the diffusion capacitance can be reduced. To simplify
our model, Cmesa and Cj are grouped together into Cm =
Cmesa + Cj. Lastly, the intrinsic laser is represented by the
junction resistance, Rj.

Fig. 3 illustrates the small-signal model of VCSEL and
the RF driving source. Here we have implicitly assumed that
VCSEL is driven by the instrument. The RF driving source
consists of a voltage source, vs, and a characteristic impedance
of Z0, which is included to account for the power reflection
due to impedance mismatch.

The effects of the parasitics can be described by the transfer
function, Hext(ω) [16]:

Hext(ω) ≡ current flowing into the intrinsic diode
voltage from the voltage source

=
ia(ω)

vs

The frequency at which |Hext(ω)|2/|Hext(0)|2 = 1/2 is

Cm Rj

RmZ0

Cpvs iaipid
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Fig. 3. Small-signal model with the driving source. The VCSEL is grayed.
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Fig. 4. schematic cross-section of our devices.

defined as the parasitic 3-dB frequency, ωrc. This transfer
function can be approximated by a single-pole low-pass filter
function:

Hext(ω) =
B

1 + j(ω)/(ω0)
(4)

where B is a proportional constant and ω0 is the parasitic
roll-off frequency, which may be different from ωrc.

The overall electrical modulation frequency response,
H(ω), is given as:

H(ω) ≡
∣∣∣∣
p(ω)
vs

∣∣∣∣
2

=
∣∣∣∣
ia(ω)

vs
· p(ω)
ia(ω)

∣∣∣∣
2

= |Hext(ω) ·Hint(ω)|2

=

(
B2

1 + (ω/ω0)
2

A2

(ω2
r − ω2)2 + γ2ω2

)

(5)

which gives the commonly used three-poles formula for fitting
the frequency response to extract ωr, γ, and ω0.

III. DEVICE STRUCTURE

Our devices are n-intracavity, bottom-emitting, oxide-
confined VCSELs emitting at 980 nm wavelength as shown
in Fig. 4. For 980 nm emission, strained InGaAs/GaAs QW,
which has lower transparency and higher differential gain, can
be used. Bottom emission offers the possibility of backside
microlenses, which can collimate the output beams and thus
improve the alignment tolerance and reduce the packaging
costs [17]. In addition, direct driver integration can be real-
ized using flip-chip bonding, which eliminates the parasitics
associated with the bonding wires.
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Our devices have a 14-period undoped GaAs/AlAs DBR,
followed by a five-quarter wavelength thick silicon-doped n-
GaAs contact layer, and a 4-period n-type GaAs/Al0.9Ga0.1As
DBR. The highly-doped n-contact layer is placed four periods
away from the cavity in consideration of optical loss and
longitudinal mode confinement. The active region has three
InGaAs/GaAs QWs embedded in the SCH layer. On top of the
SCH is the oxide aperture, followed by a 30-period carbon-
doped p-mirror, which has 5 periods of GaAs/Al0.93Ga0.07As
DBR for the deep oxidation layers and 25 periods of
GaAs/Al0.85Ga0.15As DBR. The top layer is a highly-doped
p-contact layer.

In the remaining part of this section, we will discuss the
components of our VCSELs, namely the DBR mirror, oxide
aperture, deep oxidation layers, and cavity structure.

A. DBR mirror

A major trade-off in designing VCSELs is the electrical
resistance and optical loss by the free carrier concentration,
controlled by the doping. Due to higher free carrier absorption
loss and lower mobility of holes, p-mirror usually employs
more sophisticated design scheme, and we will focus on its
design here.

First, the average doping concentration for each DBR pe-
riod is determined by maintaining a constant loss-resistance
product across the whole p-mirror. For the first-order approx-
imation, the ideal doping concentration, ρ(z), should be [18]

ρ(z) ∝ ψ(z)−1/2

where ψ(z) is the electric field square profile and can be
determined using one-dimensional transfer matrix calculation.
Fig. 5 plots the average doping concentration for each DBR
period in our devices. Three different doping levels were used
to approximate the calculated ideal doping profile. The doping
is the lowest near the active region, where the electric field
is the highest, for maintaining reasonable optical losses. As
moving towards the top contact layer, the doping increases to
reduce the resistance.

Once the average doping concentration has been deter-
mined, the doping profile within the period can be designed.
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Fig. 6. (a) Grading and doping and (b) normalized electric field square and
simulated hole concentration in one DBR period.

Bandgap-engineering was used to eliminate the hetero-barriers
in the valence band at the interfaces and simultaneously main-
tain minimal optical losses. Fig. 6 shows our low-doped DBR
design. The horizontal dash line in Fig. 6(a) is the average
doping concentration obtained from Fig. 5. The doping in
GaAs and AlGaAs layers are slightly adjusted to compensate
the difference in the mobility.

We can also take advantages of the standing-wave effects in
VCSELs. At the standing-wave peaks, bi-parabolic grade and
modulation doping was used to flatten the valence band [19].
No excess holes are produced with this scheme so that the
optical loss is minimized. On the other hand, uni-parabolic
scheme was used at the standing-wave nulls [20]. The abrupt
change of the slope of the composition at 150 nm creates an
accumulation of holes, which improves the resistance without
adding extra optical loss.

B. Oxide aperture

Tapered oxide apertures, which have been demonstrated to
have low optical scattering losses [6], are used in our devices
for electrical and optical confinement. The thickness of the
aperture was increased from the standard quarter-wavelength
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Fig. 7. (a) Round-trip optical scattering loss and (b) effective mode radius
versus taper length for different device sizes, ranging from 2 to 5 µm in
diameter. These curves were calculated assuming the effective indices in the
unoxidized and fully oxidized sections are 3.254 and 3.113, respectively.
Superimposed are the simulated results for the original taper aperture, plotted
as circles (scattering loss) in (a) and diamonds (effective mode radius) in (b).

thick to half-wavelength thick for lowering the chip parasitic
capacitance.

As discussed earlier, the mode volume has to be reduced
to efficiently achieve high-speed operation. However, there
is a trade-off between the optical scattering loss and mode
confinement. Blunter taper provides better mode confinement
but also creates more loss. In order to find the optimal
design, simulations based on the model given in Ref. [6] were
performed and the results are plotted in Fig. 7 [21].

Fig. 7(a) shows the simulated round-trip optical scattering
loss for different taper lengths and the aperture diameters of
interest, ranging from 2 to 5 µm. As expected, the optical
scattering loss increases rapidly as the taper length goes
below the critical length Lc, which is smaller for larger
diameter devices. Taper length of 4 µm was conservatively
chosen so that the scattering losses for all the devices are

AlAs

Al0.82Ga0.18As

4.0 µm
10nm

143.1nm

Fig. 8. Tapered oxide aperture design in our devices.

still within the flat region. The circles in the figure are the
simulated results for our original aperture, which has a quarter-
wavelength thickness and 4.3 µm taper length. The original
aperture was optimized for low optical scattering loss and has
experimentally demonstrated negligible optical scattering loss
down to 1.5 µm diameter devices. As can be seen, the optical
scattering loss does not increase considerably from our original
aperture design.

On the other hand, the mode confinement does improve
greatly compared with the original aperture. Fig. 7(b) plots
the corresponding effective mode radius, which is defined as
the 1/e2 radius for an equivalent Gaussian mode with the same
total power and peak amplitude. The diamonds in the figure
are the results of our original aperture. Take 3 µm devices
as an example, the effective mode radius reduced from 2.64
to 2.01 µm. This corresponds to a 1.73 times mode volume
reduction and a 31% increase in D-factor.

Fig. 8 shows our aperture design, which consists of a 10 nm
pure AlAs layer and a 143.1 nm Al0.82Ga0.18As layer. This
design gives a taper length of ∼ 4 µm.

C. Deep oxidation layers

Due to the alternating layers in the DBRs, VCSELs inher-
ently have higher series resistances, and if no precaution is
taken, the bandwidth is likely to be parasitic-limited. One
approach to relieve the parasitic limitation is to reduce the
capacitance, specifically Cmesa. However, the thicknesses of
the oxide aperture and the intrinsic semiconductor below the
oxide are restricted by the cavity design and can not be
easily increased. In order to lower Cmesa, additional thick non-
conducting layers have to be created inside the mesa, and this
is commonly done using proton implantation. For bottom-
emitting VCSELs with semiconductor top mirror, energy of
several hundreds electron volt is needed for the protons to
reach the active region. This in turn requires fairly thick
masking layers to block these high-energy protons, which
inevitably complicates the fabrication process and increases
the costs.

Another approach to form the non-conducting layers is to
use oxidation. One example is to use double oxide aper-
tures [22], which have different optical waveguiding than the
single aperture and need to be considered. We proposed the
deep oxidation layers [23], which can be formed simultane-
ously with the oxide aperture. By increasing the Aluminum
fraction of the AlGaAs layers for the first several DBR periods
in the top mirror, these layers will penetrate further during
oxidation as shown in Fig. 9. These deeply oxidized layers
effectively increase the equivalent capacitor thickness and thus
reduce the capacitance.
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Deep oxidation layers

Aperture

Fig. 9. Cross-sectional SEM showing five deep oxidation layers and the
oxide aperture.

There are several advantages with this approach. First, it is
simple and can be easily incorporated into any oxide-confined
VCSEL with a semiconductor top mirror. Second, no process
modification is required. Third, the index contrast in the
unoxidized region where optical modes exist also increases due
to these higher Aluminum content layers, which improves the
longitudinal mode confinement. Fourth, compared with proton
implantation, this approach requires thinner non-conducting
layers to achieve the same Cmesa due to the smaller dielectric
constant of the oxide than the semiconductor. This is favorable
in consideration of the resistance because of the distance that
the current has to funnel is reduced.

In order not to perturb the optical modes, the length of
the deep oxidation layers was conservatively chosen to be
5 µm, which can be achieved with Al0.93Ga0.07As layers in our
device structure. Five deep oxidation layers were incorporated
in our devices.

D. Cavity

Fig. 10 shows the cavity design of our devices. The active
region is sandwiched by two Al0.3Ga0.7As SCH layers. The
thickness of the bottom SCH is 111 nm, and the n-doping
(∼ 2× 1017 cm−3) is setback 50 nm to minimize the carrier
transport effects [24] and maintain a reasonable loss. The top
SCH layer has a thickness of 20 nm and is undoped to reduce
the current spreading underneath the oxide aperture [25].
However, the layers which form the oxide aperture are doped
p-type at ∼ 6× 1017 cm−3 to reduce the resistance from the
apertured area.

IV. DEVICE FABRICATION

The sample was grown on a semi-insulating GaAs (100)
substrate by molecular beam epitaxy. The fabrication flow is
shown in Fig. 11. The fabrication began by etching cylindrical
mesas ranging from 21 to 30 µm in diameter to expose
the n-GaAs contact layer using reactive ion etch. The oxide
apertures were then formed by wet oxidation, resulting in a
∼ 9 µm oxide aperture with ∼ 4 µm taper length. The deep
oxidation layers were also formed at the same time. Ti/Pt/Au

 Oxide aperture

Substrate

Fig. 10. Cavity structure of our devices.

and AuGe/Ni/Au were evaporated for the p- and n-contacts,
respectively. The part of the n-GaAs contact layer (ground)
that lies beneath the p-pad (signal) is removed to reduce the
pad capacitance. BCB, sandwiched between silicon nitride,
was patterned and fully cured. Then vias were opened to
expose the contacts, followed by depositing Ti/Au as pad
metal. The signal pad is only 40×70 µm2 for low capacitance.
Finally antireflection coating was applied to reduce backside
reflection. Fig. 12 shows a top-view SEM of the fabricated
device.

V. DEVICE RESULTS

A. L-I-V-P curves

Fig. 13 plots the voltage, output power, and power dissipa-
tion against current (L-I-V-P) curves for the 3 µm diameter
device. The device has a slope efficiency of 0.67 W/A,
corresponding to a differential quantum efficiency (DQE) of
54%. The threshold current is only 0.144 mA, comparatively
low for typical high-speed VCSELs which have diameters
from 5 to 8 µm. The low threshold current along with high
slope efficiency indicates that the internal loss in our devices
is low. This means that our tapered oxide aperture does not
introduce excess optical scattering losses even down to 3 µm
diameter devices.

The threshold voltage, a good measure of the excess voltage
drop from the hetero-barriers of the DBRs, is 1.47 V. It is very
low for such a small device, only 220 meV larger than the
photon energy. This low threshold voltage is the consequence
of our optimized p-doping scheme as well as the low threshold
current. The series resistance is approximately 250 Ω at 4.4
mA. The series resistance is relatively high due to the deep
oxidation layers which restrict the current conducting area.
The thermal impedance is 3.3°C/mW. At a bias current of 4.4
mA, the power dissipation and temperature rise are 10 mW and
33°C, respectively. This device has a peak wall-plug efficiency
of 31% at 1 mA and a maximum output power of 3.1 mW at
a bias current of 7 mA.

Fig. 14 plots the threshold current and DQE versus the
stage temperature for another 3 µm device which has a slightly
lower DQE at 20°C. Even though the gain-cavity offset in our
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(a) Mesa etch

(b) Oxidation

(c) p- and n-metal deposition

(d) n-contact layer removal

(e) BCB pattern

(f) Via open

(g) Pad metal deposition

(h) Anti-reflection coating

Fig. 11. Process flow.

Fig. 12. Top-view SEM of the fabricated device.
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Fig. 13. L-I-V-P curves for 3 µm devices at 20°C.

devices was not optimized for high-temperature operation [26],
they perform relatively well at elevated temperatures. The
threshold current increases from 0.13 mA at 20°C to 0.34 mA
at 110°C, corresponding to a 2.6 times increase. The DQE
decreases from 50% at 20°C to 38% at 110°C, corresponding
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temperature for 3 µm diameter devices.
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Fig. 15. (a) Spectra with the corresponding SMSR labeled for 3 µm device
at different bias currents. (b) The intensities for the fundamental and second-
order modes versus bias current.

to a 25% reduction.

B. Spectrum

Fig. 15(a) shows the spectra for the 3 µm device at dif-
ferent bias currents. The device lases multi mode, side mode
suppression ratio (SMSR) < 30 dB, except for the lowest bias
current at 1 mA. To see how the distribution of power between
modes evolves as the current increases, Fig. 15(b) plots the
intensities of the fundamental and second-order modes as a
function of the bias current. The intensity of the fundamental
mode increases quickly for the current smaller than 0.5 mA
and then slowly saturates. On the other hand, the second-order
mode increases rapidly as the current increases from 1.4 to 2
mA. Single-mode operation is only maintained below 1.4 mA,
and the device practically operates with two modes in the bias
condition of interest. Consequently, the photon density of the
fundamental mode does not scale with current after 1.5 mA,
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Fig. 16. (a) Normalized electrical frequency responses at different bias
currents for 3 µm diameter device. (b) Relaxation resonance frequency (fr),
determined from relative intensity noise measurements, and 3 dB frequency
(f3dB) versus (I − Ith)

1/2.

when the second-order mode begins to consume a significant
fraction of the additional current. This results in a reduction
in the obtainable relaxation resonance frequency as will be
discussed in the next section.

C. Small-signal modulation bandwidth

Fig. 16(a) plots the small-signal modulation responses for
the 3 µm device at different bias currents. To ensure the device
was actually operated with small-signal modulation, the input
RF power was chosen to be −40 dBm.

As shown in the figure, bandwidth of 15 GHz, which should
enable 20 Gb/s operation, is achieved with a bias current of 1
mA. The corresponding power consumption and dissipation
are only 1.87 and 1.29 mW, respectively. The estimated
temperature rise at this bias current is less than 5°C and should
have negligible thermal impacts on the device performance.
Bandwidth exceeding 20 GHz has also been demonstrated
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for currents larger than 2 mA. Although this is the record
bandwidth for 980 nm VCSELs to date, the high-current
data clearly show a saturation effect which accompanies the
build-up of power in higher order modes as the total photon
density spreads from the fundamental mode to these higher
order modes. Simple small-signal modeling fitted only to the
lower-current data indicates bandwidths in excess of 25 GHz
if the higher order modes are not allowed. The ripples in
the Fig. 16(a) higher-current data are believed to be due to
multimode effects, because they were not significant at lower
currents, but it is also possible that some optical reflections
still remain in the test system.

Fig. 16(b) plots the relaxation resonance frequency and 3-dB
frequency versus the square root of the current above thresh-
old. The extracted D-factor is 10.5 GHz/mA1/2, higher than
typical high-speed VCSELs. This is because our tapered oxide
aperture effectively confines the mode laterally. The MCEF is
16.7 GHz/mA1/2, which is very close to the highest reported
value of 16.8 GHz/mA1/2 for QW-based VCSELs [27]. The
ratio of the slopes of f3dB to fr is 1.59, close to the theoretical
value of 1.55, indicating that the damping is not severe in our
devices at low bias currents. This also has been revealed in
Fig. 16(a) as the resonance peaks are quite strong.

Since our devices were not optimized for high-temperature
operation, the threshold current increases, and the injection
efficiency and differential gain decrease at elevated tempera-
tures. However, according to the static performance shown in
Fig. 14, we expect our devices would not degrade significantly
up to the commonly specified 85°C.

D. Impedance

To understand how the parasitics affect the high-speed per-
formance of our devices, the values of the parasitic elements
need to be determined. This is commonly done by curve fitting
the measured S11 data to the small-signal model, shown in
Fig. 3. It should be noted that to reduce the number of the
fitting parameters, this model was simplified by assuming the
resistances between the oxide aperture layer and the deep
oxidation layers are relatively small compared with Rj so that
all the capacitances in the mesa can be grouped together into
Cm.

In the small-signal model, Cp and Rm are assumed to be bias
independent, which neglects the heating effects, and Cm and
Rj are assumed to be bias dependent. The following procedure
was used to do the fitting. First, all the parasitic elements
are allowed to vary for each bias current, and the estimated
ranges of Cp and Rm can be obtained. Then Cp and Rm are
determined so that they give the best overall fitting for all the
currents. Finally, Cm and Rj can be obtained using the fitted
Cp and Rm.

For the 3 µm device, the fitted Cp and Rm are 29 fF and
103 Ω, respectively. Table II lists the extracted Cm and Rj
and the calculated parasitic 3-dB frequency frc for different
bias currents. Cm increases with current due to the increased
diffusion capacitance, and Rj decreases as current increases.
Due to the small size of our device, Rj and Rm are inherently
larger than typical high-speed VCSELs which have larger

TABLE II
EXTRACTED CM AND RJ AND CALCULATED PARASITIC 3-DB FREQUENCY

fRC FOR 3 µM DEVICE AT DIFFERENT BIAS CURRENTS.

Current (mA) 1.0 2.0 3.0 4.5 6.0

Rj (Ω) 274.4 192.7 168.2 146.5 126.7
Cm (fF) 57.1 66.7 75.4 87.9 100.0
frc (GHz) 27.0 25.9 24.6 22.8 21.8
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Fig. 17. Various components for Cmesa in our devices. The lengths are
labeled for 3 µm diameter devices.

device sizes. To compensate this, the capacitive elements in
our devices were minimized so that most the modulation
current can enter the intrinsic laser. By removing the n-contact
layer, inserting BCB, and reducing the pad dimension, Cp was
greatly reduced. With the incorporation of the deep oxidation
layers and thicker oxide aperture, Cm is also relatively small.

To understand how these two features reduce Cm, a simple
calculation based on the schematic shown in Fig. 17 was
performed. Assume the dielectric constants of the oxide and
semiconductor are 4 and 12.2 [28], respectively. For the region
of 10.5≥ r > 5.5 µm, the capacitance C1 is Cdox (from the
deep oxidation layers), Cox, and Cint connected in series. Using
the parallel plate capacitance approximation, Cdox, Cox, and
Cint are calculated to be 29.7, 63.5, and 208.7 fF, respectively.
For the region of 5.5≥ r > 1.5 µm, the capacitance C2 is
calculated to be 46.4 fF.

By increasing the aperture thickness from quarter-
wavelength to half-wavelength with the same taper length, we
were able to reduce Cmesa from 118.3 to 76.8 fF. Assuming
everything else remains unchanged, this corresponds to a
increase of frc from 12.9 to 17.3 GHz, a 34% increase. The
inclusion of the deep oxidation layers further lowers Cmesa
from 76.8 to 46.4 fF, corresponding to a increase of frc from
17.3 to 22.8 GHz. By implementing a thicker oxide aperture
as well as the deep oxidation layers, we were able to greatly
reduce the chip parasitic capacitance. However, our devices
are still partially limited by the parasitics as frc is in the range
of 22–27 GHz.

In order to further reduce the chip parasitic capacitance, Cj
has to be lowered. For typical edge-emitters which are usually
operated at tens of milliampere, Rj is very small and Cj is
negligible. However, for VCSELs which require less current
to operate, Cj cannot be neglected. Fig. 18 plots the extracted
Cm as a function of the bias current. All the data fit in a line.
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Fig. 19. Experiment setup for bit error rate and eye diagram.

Similar trend has also been found in the literature [29] and
can be explained using the following simple argument.

C ≡ dQ

dV
=

di ·∆t

dv
=

di ·∆t

di · (VT/Ibias)
∝ Ibias (6)

where di and dv are the small-signal modulation current and
voltage, respectively, and VT is the thermal voltage, ∼ 26
meV at room temperature. Here we have assumed ideal diode
equation for the relation between di and dv.

For the bias current of 4.5 mA, which is close to the
condition for the large-signal modulation experiments, a con-
siderable portion of Cm comes from Cj. Therefore, carefully
designing the SCH region is needed to lower the parasitics.

E. Bit error rate and eye diagram

Fig. 19 shows the test setup for large-signal modulation
experiments. The non-return-to-zero (NRZ) signal with 27−1
word length from the pattern generator (SHF 12100A) was
amplified using a 38 GHz SHF 806E amplifier with 26 dB
gain and then attenuated 6 dB using a fixed attenuator to
reduce the voltage swing to ∼ 0.84 Vp-p. The RF signal was
combined with the DC bias through a 65 GHz Anritsu V255
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Fig. 20. Bit error curve at 35 Gb/s for 3 µm diameter device. The device
was biased at 4.4 mA and a RF voltage swing of 0.84 Vp-p was used. The
inset shows the corresponding optical eye diagram with an extinction ratio of
5.4 dB.

bias tee and fed to the device using a 67 GHz ground-
signal-ground RF probe. The output power was collected into
a one-meter standard 9/125 fiber attached with a dual-lens
focuser. Standard telecom 9/125 fiber was used for equipment
compatibility. The eye diagram was measured using an Agilent
86109A oscilloscope with an internal 30 GHz photodiode.
To measure the bit error rate (BER), the optical signal was
attenuated using a variable optical attenuator (VOA) and
then fed to a 25 GHz New Focus 1414 photodiode coupled
with a 40 GHz SHF 810 amplifier and finally sent to the
error analyzer (SHF 11100A). The coupling efficiency under
the BER testing was approximately 27%, estimated by the
photocurrent from the photodiode and the L-I curve.

Fig. 20 shows the BER curve at 35 Gb/s for the 3 µm device.
The bias current was 4.4 mA. The inset of the figure shows
the optical eye diagram at 35 Gb/s and the eye is clearly open
with an extinction ratio of 5.4 dB. In the BER curve, all the
data points except the lowest one were taken with a VOA.
Due to the ∼ 3 dB insertion loss of the VOA, the BER in
the range of 10−11 and 10−7 could not be measured. Thus,
the lowest data point at a received power of −4.7 dBm was
taken without the VOA. At a bias current of 4.4 mA, the power
consumption and dissipation, excluding the RF driver circuitry,
are only 12.5 and 10 mW, respectively. This corresponds to a
data-rate/power-dissipation ratio of 3.5 Gps/mW.

One concern with small devices is the high current density
which can cause reliability problems. At 4.4 mA where the
BER testing was performed, the current density, J = I/Area,
is indeed quite high at over 60 kA/cm2. The rationale to, or
trying to, go with small devices is that ideally, the relaxation
resonance frequency should be independent of the size of the
device. This can be seen if we rewrite Eq. (2) as

ωr =
[

Γvga

qLaA
ηiA(J − Jth)

]1/2

=
[
Γvga

qLa
ηi(J − Jth)

]1/2

where A is the apertured area, La is the total thickness of
the QWs, and Jth = Ith/A. Here we have assumed that the
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confinement factor Γ is size-independent. Moreover, small
devices require less power to operate. As shown earlier, our
3 µm devices can achieve a 15 GHz bandwidth at 1 mA,
corresponding to a current density of 14 kA/cm2. Further
optimization of the devices and testing setup may bring the
current density of 60 kA/cm2 down to a more reasonable value.

VI. CONCLUSION

High-efficiency, high-speed, oxide-confined 980 nm VC-
SELs are demonstrated. We first considered the factors that de-
termine the bandwidth and tried to address them in our device
design. To improve the intrinsic laser response, an optimized
tapered oxide aperture was used for better mode confinement
and higher photon density. The parasitic limitations were
lowered by using the deep oxidation layers, thicker oxide
apertures, and reducing the pad capacitance. These designs
enabled us to use smaller 3 µm devices, which have a threshold
current of 0.14 mA. In addition, our devices achieved > 20
GHz bandwidth for current > 2 mA and 35 Gb/s operation
at only 10 mW power dissipation, corresponding to a data-
rate/power-dissipation ratio of 3.5 Gbps/mW. By analyzing
the results, we also pointed out some potential improvements
such as single modeness and the reduction of the junction
capacitance.
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Abstract High-efficiency, high-speed, tapered-oxide-aper-
tured vertical-cavity surface-emitting lasers (VCSELs) emit-
ting at 980 nm have been demonstrated. By carefully engi-
neering the tapered oxide aperture, the mode volume can be
greatly reduced without adding much optical scattering loss
for the device sizes of interest. Consequently, these devices
can achieve higher bandwidth at lower current and power
dissipation. In addition, the parasitics are reduced by imple-
menting deep oxidation layers and an improved p-doping
scheme in the top mirror. Our devices show modulation
bandwidth exceeding 20 GHz, a record for 980 nm VC-
SELs. Moreover, 35 Gb/s operation has been achieved at
only 10 mW power dissipation. This corresponds to a data-
rate/power-dissipation ratio of 3.5 Gbps/mW. Most impor-
tantly, our device structure is compatible with existing man-
ufacturing processes and can be easily manufactured in large
volume making them attractive for optical interconnects.

PACS 42.55.Px

1 Introduction

Through scaling and integration, the performance of micro-
processors is consistently improving to the point that cur-
rent copper-based interconnects are slowly becoming the
bottleneck due to their physical limitations [1]. More and
more power and chip real state have been devoted to inter-
connects. In addition, signal loss, distortion, and cross-talk

Y.-C. Chang (�) · L.A. Coldren
Department of Electrical and Computer Engineering,
University of California, Santa Barbara, CA 93106, USA
e-mail: yuchia@engineering.ucsb.edu

in electrical interconnects become worse as frequency in-
creases. In order to keep up the advance of microprocessors,
new technology is required.

Optics is a viable alternative to copper interconnects be-
cause it offers the advantages of short signal delay, high
bandwidth, low power dissipation, and freedom from elec-
tromagnetic interference. In the past several years, vertical-
cavity surface-emitting lasers (VCSELs) have received re-
newed interest for potential applications in optical intercon-
nects [2]. Compared with edge emitters, VCSELs have sev-
eral benefits: they have smaller footprint; they are easier to
fabricate in arrays; they support on-wafer testing; they re-
quire less power to achieve high-speed operation; and they
usually are less expensive to manufacture.

Recently, data rate up to 40 Gb/s with a 24 GHz band-
width has been demonstrated for 1.1 µm wavelength
VCSELs [3]. 30 Gb/s operation has also been reported for
850 nm wavelength VCSELs [4]. Here we present our work
on high-efficiency, high-speed VCSELs emitting at 980 nm
wavelength. Our devices show >20 GHz bandwidth and
35 Gb/s operation at only 10 mW power dissipation cor-
responding to a very high data-rate/power-dissipation ratio
of 3.5 Gbps/mW.

2 Device structure

In optical interconnects, the transmitters convert signals
from electrical to optical domain at comparatively high data
rates, usually within compact systems with many active
components but limited heat sink. Therefore, these devices
must be capable of operating at speeds at least 20 Gb/s, be
efficient to minimize power dissipation, be compatible with
silicon electronics, and most importantly, be manufacturable
in large volume with high yields and low costs.

mailto:yuchia@engineering.ucsb.edu
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Fig. 1 Cross-sectional schematic of the device

In order to meet these requirements, n-intracavity,
bottom-emitting, tapered-oxide-apertured structure, shown
in Fig. 1, is used. Emission wavelength of 980 nm is chosen
so that strained InGaAs/GaAs quantum wells (QWs), which
provide higher gain at low carrier densities, can be used. In
addition, this wavelength is transparent to GaAs substrate
and hence enables us to use bottom-emitting structure. Bot-
tom emission along with n-intracavity means that flip-chip
bonding can be used to directly integrate VCSEL arrays with
silicon electronics. This eliminates the need of individual
wire bonding and the parasitics associated with bond wires.
Moreover, backside microlenses can be fabricated to colli-
mate output beams, which increase the alignment tolerance
and reduce packaging costs [5].

The sample was grown on a semi-insulating GaAs (100)
substrate by molecular beam epitaxy. The bottom mirror
consists of a 14-period undoped AlAs/GaAs distributed
Bragg reflector (DBR) followed by a five-quarter wave-
length thick n-GaAs contact layer and a 4-period n-type
Al0.9Ga0.1As/GaAs DBR. The n-contact layer is setback
4 periods to reduce the free carrier absorption loss and im-
prove longitudinal mode confinement for high-speed consid-
eration. The active region has three InGaAs/GaAs QWs em-
bedded in a Al0.3Ga0.7As separate confinement heterostruc-
ture (SCH) layer to form the cavity.

On top of the SCH is the oxide aperture. To achieve high
bandwidth at low power dissipation, we redesigned our ta-
pered oxide aperture for better lateral mode confinement.
The aperture thickness increases from quarter-wavelength to
half-wavelength thick and the taper length is also reduced
from 4.3 to 4 µm. According to our simulation, this aper-
ture yields a 31% improvement in relaxation resonance fre-
quency for 3 µm diameter devices over our original design.
In addition, the static performance is not sacrificed because
the optical loss does not increase noticeably for device sizes
down to 3 µm in diameter.

The top mirror has a 30-period AlGaAs/GaAs DBR. The
aluminum fraction of the first 5 periods of DBR is increased
from 85 to 93% to form deep oxidation layers [6]. When
oxidizing the aperture, these high aluminum content lay-
ers oxidized comparatively faster than the other DBR peri-
ods forming thicker dielectric layers in the perimeter of the
mesa. These oxidized layers effectively increase the equiva-
lent capacitor thickness and reduce the parasitic capacitance.
Compared with ion implantation commonly used to reduce
the parasitic capacitance, our approach is simple and cost
effective.

The parasitics are further reduced using the following ap-
proaches: The p-doping in the top mirror is carefully opti-
mized to reduce the series resistance without introducing too
much optical loss. The pad capacitance is reduced by (a) re-
moving the part of the n-contact layer (RF ground) beneath
the p-pad metal (RF signal), (b) inserting low dielectric con-
stant resin Benzpcyclobutene (BCB) underneath the p-pad,
and (c) shrinking the p-pad dimension to 40 × 70 µm2. De-
tails of the fabrication can be found in [7].

3 Device results

Figure 2 shows the voltage, output power, and power dis-
sipation against current curves for a 3 µm diameter device
at 20◦C.

The lasing wavelength is around 990 nm. The device has
a slope efficiency of 0.67 W/A, corresponding to a differ-
ential quantum efficiency of 54%. The threshold current is
only 0.144 mA, comparatively low for typical high-speed
VCSELs with diameters ranging from 5 to 8 µm. This low
threshold along with high slope efficiency indicates that our
new tapered oxide aperture with shorter taper length does
not introduce excess optical loss even down to 3 µm diame-
ter range. The threshold voltage is 1.47 V, very low for such
a small device, as it is only 220 meV larger than the photon
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Fig. 2 Voltage, output power, and power dissipation against current
curves for 3 µm diameter device at 20◦C

Fig. 3 Frequency responses for 3 µm device at 20◦C under different
bias currents

energy. This low threshold voltage is the consequence of our
optimized p-doping scheme and low threshold current. The
series resistance is approximately 250 � at a bias current
of 4.4 mA, where the large-signal modulation experiments
were performed. The thermal impedance is 3.3◦C/mW, cal-
culated by measuring the wavelength shift at different stage
temperatures and at different biases [8]. At a bias current
of 4.4 mA, the power dissipation and temperature rise are
10 mW and 33◦C, respectively. The peak wall-plug effi-
ciency, occurring at 1 mA, is 31% and the maximum output
power is 3.1 mW.

Figure 3 shows the small-signal modulation responses for
a 3 µm device under different bias currents. Bandwidth of
15 GHz is achieved with a bias current of only 1 mA. Lim-
ited by the instruments, frequency response could only be
measured up to 20 GHz. However, it is evident that band-
width exceeding 20 GHz has been achieved, highest for
980 nm VCSELs.

Fig. 4 Relaxation resonance frequency (fres) and 3 dB frequency
(f3 dB) versus square root of the current above threshold

Fig. 5 Bit error rate curve at 35 Gb/s for 3 µm diameter device. This
device was biased at 4.4 mA and a RF voltage swing of 0.84 Vp-p was
used. The inset shows the corresponding optical eye diagram with an
extinction ratio of 5.4 dB

Figure 4 plots the relaxation resonance frequency, fres,
and 3 dB frequency, f3 dB, as a function of the square
root of the current above threshold. The modulation cur-
rent efficiency factor (MCEF), defined as f3 dB/

√
(I − Ith),

is 16.7 GHz/mA1/2, very close to the highest reported value
of 16.8 GHz/mA1/2 for QW-based VCSELs [9]. This high
MCEF is mainly due to better lateral mode confinement,
consequence of our improved tapered oxide aperture design.
The ratio of the slopes of f3 dB : fres is 1.59, close to the the-
oretical value of 1.55, indicating damping is not severe in
our devices.

Figure 5 plots the bit error rate (BER) curve at 35 Gb/s
for a 3 µm diameter device at 20◦C. The experimental setup
is given in [10]. The input was a non-return-to-zero (NRZ)
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 of the
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Fig. 6 Small-signal equivalent circuit model for the device. The de-
vice is represented by Cp, Rm, Cm, and Rj . Vs is the RF voltage source
and Z0 = 50 � is the characteristic impedance of the instruments

figure shows the corresponding optical eye diagram. The eye
is clearly open with an extinction ratio of 5.4 dB. In the
BER curve, all the data points except the lowest one were
taken with a variable optical attenuator (VOA). Owing to the
∼3 dB insertion loss of the VOA, the BER in the range of
10−4 to 10−7 could not be measured. Thus, the lowest data
point at a received power of −4.7 dB was taken without the
VOA. The BER is 9.2 × 10−12, gated for 30 min with total
583 errors to ensure the accuracy of the measurement.

Since both high data rate and low power dissipation are
desired for optical interconnects, a good figure-of-merit is
the data-rate/power-dissipation ratio. At a bias current of
4.4 mA, the power consumption and dissipation of our
devices, excluding the RF circuitry, were only 12.5 and
10 mW, respectively. This corresponds to a very high data-
rate/power-dissipation ratio of 3.5 Gbps/mW.

Small-signal equivalent circuit model is useful to under-
stand the bandwidth limitation due to parasitics. The circuit
model for our devices, shown in Fig. 6, includes four ele-
ments: Cp, Rm, Cm, and Rj. The pad capacitance, Cp, repre-
sents all the capacitances between the p- and n-contacts out-
side the mesa. The mesa resistance, Rm, includes the contact
resistances, DBR mirror resistances, and spreading sheet re-
sistance associated with the n-contact layer. The mesa ca-
pacitance, Cm, includes the capacitances from the deep ox-
idation layers, oxide aperture, intrinsic layer beneath the
aperture, and diode junction. Rj denotes the diode junction
resistance for the active region. For the RF driving circuit
side, Vs is the RF voltage source and Z0 = 50 � is the
characteristic impedance of the instruments. Z0 has to be
included to account for the RF reflection due to impedance
mismatch.

The values for these circuit elements can be determined
by fitting S11 parameter as a function of frequency and bias
current. Table 1 lists the extracted small-signal circuit ele-
ments for a 3 µm diameter device.

We have assumed Rm and Cp to be bias independent,
which neglects any heating effects. Cm increases with cur-

Table 1 Extracted small-signal circuit elements for 3 µm diameter de-
vice at different bias currents. Rm and Cp are fitted to be 102.9 � and
29.1 fF. frc is the parasitic 3 dB frequency

Current (mA) 1.0 2.0 3.0 4.5 6.0

Rj (�) 274.4 192.7 168.2 146.5 126.7

Cm (fF) 57.1 66.7 75.4 87.9 100.0

frc (GHz) 27.0 25.9 24.6 22.8 21.8

rent due to the increased diffusion capacitance and Rj de-
ceases as current increases. Due to smaller size of our de-
vices, Rj and Rm are larger than typical high-speed VC-
SELs. Cp is very small thanks to n-contact removal, BCB
insertion, and pad-size reduction. Cm is also very small, re-
sulting from the incorporation of deep oxidation layers and
thicker oxide aperture.

The influence of the parasitics on modulation bandwidth
is determined by calculating the transfer function of the cur-
rent flowing through Rj over Vs. The −3 dB frequency of
this transfer function, frc, is also listed in Table 1. At a bias
current of 4.5 mA, frc is 22.8 GHz, indicating our devices
are still partially limited by parasitics.

4 Conclusion

We have fabricated and characterized high-efficiency, high-
speed 980 nm VCSELs. These devices are based on a
structure that is compatible with existing manufacturing
processes and can be easily mass produced. The 3 µm diam-
eter devices demonstrated 35 Gb/s operation at a bias cur-
rent of 4.4 mA, corresponding to only 10 mW power dis-
sipation. This represents a data-rate/power-dissipation ratio
of 3.5 Gbps/mW. Combined with high-speed operation, low
power dissipation, and manufacturability, these devices are
very attractive for optical interconnects. With improvements
in active region design, suppression of higher-order modes,
and reduction in parasitics, 40 Gb/s operation and beyond
can be expected.
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Over the past several years, vertical-cavity surface-emitting lasers (VCSELs) have been the subject of intensive 
worldwide research due to their applications in optical interconnects and optical data links.  To improve VCSEL 
performance, various bandgap-engineering schemes have been implemented in the distributed Bragg reflectors 
(DBRs) to simultaneously achieve low optical loss and low electrical resistance. This is especially important for p-

DBRs due to higher free carrier absorption loss and lower mobility of holes. These bandgap-engineered DBRs 
usually have many different doping levels within a short DBR period. In addition, a very high doping level is needed 
to minimize the contact resistance. For molecular beam epitaxy (MBE), carbon doping using carbon tetrabromide 
(CBr4) has been shown to produce material with better properties than doping with Beryllium, another commonly 

used p-dopant. However, most CBr4 doping systems currently available cannot quickly and precisely switch 
between multiple doping levels, which is required for VCSEL growths. Here we report a custom-designed CBr4 
doping system that is suitable for growing sophisticated structures such as VCSELs. 

All CBr4 doping systems mainly perform two basic functions. One is to control the CBr4 base vapor pressure, 

which is several hundred millitorr at room temperature, by either directly regulating the vapor pressure or indirectly 
regulating the CBr4 temperature. The other is to reduce the CBr4 vapor pressure, usually by several orders of 
magnitude, before injecting into the growth chamber to have the desired doping levels. Fig. 1 shows the schematic 
of our CBr4 doping system, which consists of the thermoelectric cooler (TEC) system and parallel orifice valve 

(POV) system to perform these two functions. 

The CBr4 vapor pressure is temperature controlled by using four TECs [1]. One side of the TECs contacts the 
CBr4 canister and the other side contacts a water-cooled copper block. The CBr4 temperature is monitored using a 
thermocouple welded on the CBr4 canister and controlled by a PID controller. A Baratron is used to monitor the 

vapor pressure. To characterize the TEC system, the CBr4 temperature and vapor pressure were both recorded for 
three hours as shown in Fig. 2. The temperature was initially maintained at –5ºC, then was raised to 20ºC after one 
hour and lowered back to –5ºC after another hour. Once stabilized, the temperature and vapor pressure is nearly 
constant. In Region I, II, and III, the standard deviation for the temperature and vapor pressure is less than 0.1ºC and 

1% of the mean. The difference in vapor pressures for Region I and III is less than 2%, which indicates that the 
vapor pressure is fairly reproducible. From –5ºC to 20ºC, the CBr4 vapor pressure increases over 10 times. The rise 
time and fall time (10%-to-90%) for the vapor pressure is ~6.5 and ~1.5 min, respectively. 

At a given CBr4 temperature, the doping is controlled by the POV system, which currently has six different size 
orifices. These orifices, ranging from 50 to 250 µm in diameter, are used to reduce the CBr4 vapor pressure injecting 

into the growth chamber. Upstream of each orifice is an air-operated pneumatic valve. By opening different 
combinations of pneumatic valves, the doping can be controlled digitally and reproducibly. Since the switching time 

for these valves is practically negligible, the doping can be changed rapidly. Ideally, if the conductance doubles for 
every other orifice, almost two orders of magnitude of doping concentration (26=64) can be realized with six orifices. 
Combined with adjusting the CBr4 temperature, three orders of magnitude of the doping concentration can be 

achieved in this system. To evaluate the POV system, a calibration sample which has eight layers with different 
valve opening combinations was grown, and Fig. 3 shows the doping profile measured by secondary ion mass 
spectrometry (SIMS). The CBr4 temperature was maintained at –5ºC during the growth. The spike near the surface 
is due to the carbon contamination from the environment. The doping profile is relatively flat as shown in the figure. 

If the doping level for opening individual valve of C6, C5, and C4 are summed, the resulting doping level is 
1.96×1018 cm–3, which is very close to the doping of 1.98×1018 cm–3 obtained from opening valves C4, C5, and C6 
together. This implies that the doping contribution from each valve can indeed be added. The transient response is 
also evaluated by measuring the CBr4 beam flux and shows that the typical transient time is less than 10 seconds. 

In conclusion, a compact versatile CBr4 doping system for MBE was designed and built. This system can 
achieve a wide doping range by using six different size orifices and adjusting the CBr4 temperature.  The doping is 
controlled by pneumatic valves and can be changed rapidly. These make the system suitable for growing 
complicated structures such as VCSELs. 

[1] Y.-C. Chang et al., Proc. Electronic Materials Conference, paper no. Y8, University Park, PA (June 2006) 
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Fig. 1: Schematics of the CBr4 doping system 

 

 
Fig. 2: The CBr4 temperature and vapor pressure with the temperature setpoint changed between –5ºC and 20ºC 
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Fig. 3: Doping profile measured by SIMS with eight different valve combinations 
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We present coherent reflection spectroscopy on a charge and dc Stark tunable quantum dot embedded in

a high-quality and externally mode-matched microcavity. The addition of an exciton to a single-electron-

charged quantum dot forms a trion that interacts with the microcavity just below the strong-coupling

regime of cavity quantum electrodynamics. Such an integrated, monolithic system is a crucial step

towards the implementation of scalable hybrid quantum-information schemes that are based on an

efficient interaction between a single photon and a confined electron spin.

DOI: 10.1103/PhysRevLett.102.097403 PACS numbers: 78.67.Hc, 78.55.Cr, 78.90.+t

Hybrid quantum-information schemes combine the co-
herence properties and ease of manipulation of photons
with the scalability and robustness of local quantum sys-
tems. Examples of local quantum systems include electron
spins in quantum dots, defect centers in diamond, and
trapped atoms or ions [1,2]. Hybrid schemes such as quan-
tum repeaters and quantum networks use the coupling
between the local quantum system (qubit) and the optical
field to reversibly map the quantum state of a photon onto
the state of the local system [3–6]. Other hybrid schemes
use a joint measurement of emitted photons, which are
entangled with their respective local qubit, to perform gate
operations on the two spatially separated local systems [7–
10]. This latter scheme can be used to create entanglement
between many local qubits as needed for cluster-state
quantum computation. Implementations based on trapped
ions or atoms have reached operation fidelities greater than
80% for 2 remote qubit interactions. However, the overall
success probabilities are currently limited to�10�8, due to
the technical incompatibility of trapping the particles and
coupling them efficiently to a single external optical mode
[11,12]. Here we present a solid-state system that integra-
tes a trapped, electrically controlled quantum system with
near unity coupling efficiency to an external optical mode.

To achieve an efficient coupling, the quantum system
must be placed in a high-quality microcavity so that it
dominantly interacts with a single optical mode. Further-
more, this cavity mode must be mode matched to an
external mode to ensure efficient operation at the single
photon level. The ideal operating point for such hybrid
schemes is deep in the weak coupling (Purcell) regime of
cavity quantum electrodynamics (QED), just below the
onset of strong coupling. In addition, for cluster-state and
distributed quantum computation, the hybrid system must
be scalable. Our system satisfies these requirements in the
solid-state. It is composed of self-assembled quantum dots
(QDs) (density �10 �m�2) at the center of an oxidation-

apertured micropillar cavity with integrated doped layers
that enable an external bias to apply an electric field across
the QD. This field causes carriers to tunnel in and out [13]
of the QD, changing the QD charge state, and induces the
quantum confined Stark effect [14], shifting the emitted
photon’s energy. While cavity QED has been studied using
quantum dots for several years, this has been done using a
neutral exciton [15,16]. Neutral excitons, bound electron-
hole pairs, have been proposed as qubits [17] but seem
problematic due to their quick spontaneous decay, �1 ns
in GaAs, and fast dephasing [18]. The local qubit in our
system is the spin of a trapped electron [19,20], which
interacts with the cavity mode through the addition of an
exciton, forming a short-lived trion state. Since the polar-
ization of the emitted photon is correlated with the spin
state of the remaining electron, the trion acts as a readout
channel of the spin [5]. Additionally, the micropillar cavity
geometry is such that the fundamental mode is a doubly
degenerate HE1;1 mode, which mode matches well to

external modes due to its Gaussian-like shape [21]. Here,
we report on two variations of the solid-state cavity QED
system, one optimized to operate in the charge-tuning
regime, and the other in the Stark-tuning regime.
The demonstration of an electrically gated QD em-

bedded in a high Q cavity mode has become feasible
through a series of scientific advances. First, the develop-
ment of vertical-cavity surface-emitting lasers (VCSELs)
with oxide apertures in the GaAs=AlGaAsmaterial system
enabled the creation of cavities with small mode volumes,
Veff ¼ 35ð�=nÞ3, while maintaining a very high Q [22].
Second, the addition of single, self-assembled InAs=GaAs
QDs embedded at the axial antinode of the cavity mode
provided an atomiclike emitter to couple to the optical
mode [23]. Third, the use of etched trenches to define the
oxidation front, as shown in Fig. 1, enabled both control
over the polarization degeneracy of the cavity modes as
well as global electrical connection to an array of cavities
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[24]. In the experiments presented here, the oxidation time
of the aperture is such to maximizeQwhile minimizing the
mode volume. As shown in Figs. 1(b) and 1(c), the cavity
mode is to a good approximation Gaussian in lateral profile
and fits to a waist of 2:2 �m, in agreement with measure-
ments of the spacing between transverse modes [23].

Using a voltage source to drop an electric field over the
QD active region is complicated by the presence of nearby
material interfaces at each distributed Bragg reflector
(DBR) period and at the oxide aperture region. These
interfaces trap charges and result in the formation of charge
domains, which reduce the field dropped across the QD
region and obstruct controlled charging and Stark tuning
[24]. To overcome these problems, a novel p-i-n device
structure was developed in which the intrinsic region does
not include the oxide aperture and the nearby p-doped
Al0:9Ga0:1As DBR period is Al-content graded to and
from the adjacent GaAs layers as shown in Fig. 1(a). The
Al-content grading prevents the formation of triangular
potential wells that arise at abrupt Al0:9Ga0:1As=GaAs
interfaces. Furthermore, all doping concentrations are
graded such that they are easily contacted by countersink
etching without introducing unnecessary dopants near the
QDs. The two variations of the solid-state cavity QED
system presented here have nominally the same growth
structure, but the average doping levels for the charge-
tuning system are 3:5� 1018 cm�3 (2:5� 1018 cm�3)
for the n-doped (p-doped) layer whereas for the Stark
tuning system they are 7:0�1017 cm�3 (7:5� 1017 cm�3).

To investigate the intracavity charging, we first charac-
terized QDs outside of the cavities in the surrounding mir-
ror region, where the Purcell effect is negligible. We moni-
tored the photoluminescence spectrum (using a 1.25 m
monochromator coupled with a CCD array) under 150 fs,
860 nm Ti:sapphire laser excitation with 50 nW average
power as the applied bias is varied. A typical trace for a
single QD is shown in Fig. 2(a). Near 18 Vapplied bias, the

QD emission abruptly changes 6 meV to lower energy.
This is the characteristic energy separation for the transi-
tion between the neutral exciton, X0, and the singly
electron-charged exciton, X� [13,25]. To verify the charge
designations as X0 and X�, we also measured the time-
resolved decay of the photoluminescence. The result is
shown in Fig. 2(b), with curves taken at biases below
(above) 18 V labeled as dashed (straight). Because of the
presence of optically dark states, the X0 decay traces have a
distinctive biexponential behavior, whereas the X� decay
are single exponentials [24,26].
The same lifetime measurement is performed for QDs in

the cavity region which are on resonance with a
polarization-degenerate fundamental mode as shown in
Fig. 2(c) (this was possible for approximately 10% of
cavities), and the results qualitatively replicate that of the
bulk QDs. However, the effect of the high Q cavity
strongly reduces the emission lifetime by the Purcell effect.
For some X� cases, this lifetime approaches 150 ps, the
timing resolution of our experiment. Nonetheless, a decon-
volved lifetime of 137� 21 ps was obtained for the fastest
X� transition and 321� 15 ps for the X0. This yields a
Purcell enhancement, Fp ¼ �o=�cav, of approximately 7

for the X�. We measure that on average (Fp ¼ 2:8� 0:22

for 4 X0 transitions and 5:9� 0:96 for 6 X�) the Purcell
enhancement is stronger for X� than for X0. Because both
transitions have similar lifetimes in the DBR region, re-
sulting from similar oscillator strengths, one would expect
both to have similar Purcell effects. However, this is not
found experimentally and may be due to a better matching
of the transition dipole moment to the cavity mode polar-
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FIG. 2 (color online). (a) Photoluminescence spectra as a func-
tion of applied bias for a QD in the mirror region at 4 K.
(b) Emission decay traces for 10 QDs in the mirror region.
Straight traces are taken with 18.5 V applied bias (X�) and
dashed traces are taken with 17.5 V applied bias (X0). (c) Emis-
sion decay traces for QDs on resonance with cavity modes for
several different cavities. The straight (dashed) traces correspond
to an X� (X0) decay. (d) gð2Þð�Þ measurements for an X�
(straight) and X0 (dashed) transition.
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FIG. 1 (color online). (a) Schematic of the scalable cavity
QED system based on electrically gated QDs embedded in
oxide-apertured micropillars. (b) Two-dimensional reflectivity
scan of a micropillar cavity taken with a laser resonant with the
cavity mode. The mode in the center can be seen clearly as a dip
in the reflected signal. (c) Higher resolution reflectivity scan
taken in a 10 �m� 10 �m area containing the mode.
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ization for the X�. This could be explained by theoretical
calculations beyond the standard techniques for calculating
the optical transitions of a QD [27]. In addition, the

second-order photon correlation function, gð2Þð�Þ, was
measured as shown in Fig. 2(d) for an X0 and an X� tran-
sition. While both clearly demonstrate single photon be-
havior, the X� is much cleaner due to its fast, single ex-

ponential decay. The measured single photon (gð2Þð0Þ<
0:25) count rate was typically 3� 106 s�1 for an X� with
an 80MHz pump rate, yielding a 25% extraction efficiency
for the QD when corrected for the optical and detection
losses of the setup (15%).

While the lifetime measurements indicate that the emis-
sion is coupled to the cavity mode, it does not yield a
quantitative measure of the coupling strength, g, or the
mode-matching efficiency. To do this, one must probe the
coupled system coherently and we accomplish this by
measuring the reflectivity of the cavity-QD system
[15,16]. The reflection spectrum can be derived from the
Jaynes-Cummings Hamiltonian using the input-output for-
malism and under sufficiently weak probing of a symmet-
ric cavity [28–31], can be expressed as

Rð!Þ¼
�
�
�
�
�
�
�
�

1� �½�� ið!�!QDÞ�
½�� ið!�!QDÞ�½�� ið!�!cÞ�þg2

�
�
�
�
�
�
�
�

2

;

(1)

where g is the emitter-cavity coupling, !QD (!c) is the

emitter (cavity) resonance, � is the dipole decay rate, and �
is cavity field decay rate. If there are no QDs coupled to the
cavity mode, the spectrum shows a single dip at the cavity
resonance with a width equal to the cavity field decay rate,
�, as shown in Fig. 3(a). For this micropillar, a fit to the
data yields � ¼ 24:1 �eV, corresponding to Q ¼ 27 000.
The depth of this dip is a measure of how well the probe
beam is mode matched to the cavity, and in this case the
coupling efficiency is greater than 96%. This remarkably
high efficiency implies that reliable information transfer at
the single photon level is feasible and would constitute an
increase in the success probability of a two-photon experi-
ment [11,12] by 3–4 orders of magnitude. If a QD is
coupled to the microcavity, the reflection spectrum is
drastically altered. Figure 3(b) shows the absolute reflec-
tion spectrum of the cavity mode interacting with a single
QD transition. By fitting this spectrum to Eq. (1), we obtain
an emitter-cavity coupling of g ¼ 9:7 �eV and a dipole
decay rate of � ¼ 1:9 �eV. Since g=� ¼ 0:402, the
emitter-cavity system is deep in the Purcell (weak-
coupling) regime and at the precipice of strong-coupling,
g=� > 0:5, exactly in the region ideally suited for hybrid
quantum-information schemes [5,6,8,9]. The spectrum,
with resolution limited by the probe laser linewidth, com-
pletely characterizes the system. Additionally, it reveals
the natural linewidth of the QD transition with a signal
much greater than achieved in transmission or differential
transmission. In conclusion, the combination of these re-
sults for the cavity QED system in the charge-tuning

regime demonstrates that it is ideal for hybrid quantum-
information processing.
We now turn to the Stark-tuning cavity QED system.

Since the coupling between the QD and the cavity mode
depends on the spectral detuning, an external control is
necessary to reach resonance. In QD systems without
electrical gating, this control is achieved by adjusting the
sample temperature [16]. However, this control typically
decreases coherence through higher phonon occupations
and is not scalable. An applied electric field can also tune
the QD transition via the Stark effect without the negative
effects of temperature and in principle can be scalable by
gating each cavity separately. In order to illustrate this
effect and potential applications, we utilized a polarization
nondegenerate cavity mode. As mentioned in Ref. [24], an
engineered ellipticity of the aperture lifts the polarization
degeneracy, creating two orthogonal linear polarization
modes (denoted as H and V) as illustrated in Fig. 4(a).
Because the Q factor is very high (40 000), the modes can
be spectrally separated by as little as 50 �eV and still be
resolved. This enables the quantum dot transition to be
Stark-shift tuned into resonance with two modes as shown
in Fig. 4(b). Note that the dependence is nonlinear with
bias as expected for the quantum confined Stark effect [14].
By Stark-shift tuning the QD emission, the Purcell effect

is observed on resonance with each mode. Stark-shift tun-
ing as opposed to current induced heating was confirmed
by observing a constant QD linewidth over the tuning
range. For several applied biases, the QD emission decay
curve is measured, see Fig. 4(c), and the extracted lifetime
is plotted as a function of spectral position as shown in

1.324 08 1.324 12 1.324 16 1.3242
0.0

0.2

0.4

0.6

0.8

1.0

Energy eV

R

b

1.324 08 1.324 12 1.324 16 1.3242
0.0

0.2

0.4

0.6

0.8

1.0

Energy eV

R

a

FIG. 3 (color online). (a) Cavity reflection spectrum of an
unloaded micropillar cavity measured by recording the reflected
signal of a tunable-wavelength laser. Equation (1) with g ¼ 0
plus a linear background is used to fit the data. (b) Cavity
reflection spectrum of a QD coupled to the micropillar cavity
in (a). Eq. (1) plus a linear background is used to fit the data.
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Fig. 4(d). The dips in the transition lifetimes measured on
resonance are a clear consequence of the Purcell effect.
The lifetimes at the resonance of each mode is measured to
be 220 ps as shown in Fig. 4(d), approximately 5 times
shorter than the bulk lifetime. The appearance of a biex-
ponential, most prevalent for the on resonance biases, in
Fig. 4(c) is attributed to a small fraction (�4%) of photons
collected from QDs outside the mode volume. Stark-shift
tuning when used in addition to charge tuning constitutes a
completely bias-controlled, solid-state cavity QED system.

In conclusion, we presented a solid-state cavity QED
system which has near ideal properties for photon electron-
spin coupling as needed for hybrid quantum-information
processing. The unique features of our system are intra-
cavity electron charging, near perfect mode matching,
polarization control of the cavity modes, and operation
deep in the Purcell regime. In addition, the cavity-QD
coupling can be controlled via the Stark effect, which has
applications for quantum and classical communication.
The combination of this work with spin initialization,
manipulation, and readout [25,32,33] as well as techniques
for active positioning of quantum dots [34] will bring the
implementation of solid-state hybrid quantum-information
protocols within reach.
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[31] A. Auffèves-Garnier, C. Simon, J.-M. Gérard, and J.-P.

Poizat, Phys. Rev. A 75, 053823 (2007).
[32] B. D. Gerardot et al., Nature (London) 451, 441 (2008).
[33] M.H. Mikkelsen et al., Nature Phys. 3, 770 (2007).
[34] K. Hennessy et al., Nature (London) 445, 896 (2007).

1.3154 1.3155 1.3156 1.3157 1.3158 1.3159 1.3160
0.2

0.3

0.4

0.5

0.6

0.7

0.8

Energy eV

L
if

et
im

e
ns

1 0 1 2 3 4 5 6

1.00

0.50

0.20

0.10

0.05

0.02

0.01

time ns

C
ou

nt
s

ar
b.

un
its

9.5 V
8.86 V
8.2 V
7.62 V

4 5 6 7 8 9 10

Applied Bias V

1.3145

1.315

1.3155

1.316

1.3165

1.317

E
ne

rg
y

eV

b

c

H mode

V mode
QD of interest

reference QD

d

8.33 V

9.2 V

8.86 V
7.62 V 7.0 V

9.5 V

5.0 V

1.314 1.316 1.318 1.320 1.322 1.324

1

2

3

4

5

6

7

Energy eV

C
ou

nt
s

10
5
s

1
a

H

V

FIG. 4 (color online). (a) Microphotoluminescence spectra of
nondegenerate optical modes in a micropillar. H (V) polarized
modes are black (grey). Inset: SEM image of a micropillar.
(b) Photoluminescence spectra as a function of applied bias for
two QDs (labeled QD of interest and reference QD) and two
nondegenerate fundamental cavity modes (labeled H mode and
V mode). (c) Lifetime traces for a few bias settings; 7.62, 8.2,
8.86, and 9.5 V. (d) Deconvolved lifetimes as a function of
emission energy with fit.

PRL 102, 097403 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

6 MARCH 2009

097403-4


	2009 Cover
	2009 Divider Page IA
	2009 List of Collaborators
	2009 Table of Contents
	Coldren MWP
	Coldren OIDA
	book 2-22-10.pdf
	2009 Cover
	2009 intro reprints
	book 2-10-10
	1
	2009 Title Page
	2009 Group Photo
	2009 List of Collaborators
	2009 Table of Contents

	2
	2009 Divider Page IA
	Koh - Generation of 40 Gbps Duobinary Signals OFC2009
	1. Introduction
	2. Device and Experiment
	3. Results
	4. Conclusion
	5. References

	Coldren - Recent Advances in InP PICs
	Nicholes - Novel Application of Quantum Well Intermixing
	Coldren - Integrated Transmitters and Transceivers
	Coldren - OIDA 120109

	3
	2009 Divider Page IB
	Masanovic - Advanced photonic integrated technologies
	Dummer - Field-Modulated Packet
	Nicholes - The Worlds First InP 8x8
	Dummer - 40Gbs Field-Modulated Wavelength Converters
	Mack - 40 Gbs Buffered
	Nicholes - An 8x8 Monolithic Tunable Optical Router

	4
	2009 Divider Page IC
	Klamkin - Highly Linear Integrated Coherent Receivers
	Chen - Compact Beam Splitters with Deep Gratings
	Chen - Linear Phase Demodulation using an Integrated Coherent Receiver
	Klamkin - Uni-Traveling-Carrier Balanced Photodiode
	Ramaswamy - Experimental Analysis
	Coldren - MWP 2009

	5
	2009 Divider Page ID
	Norberg - Programmable Photonic Filters Fabricated wtih Deeply Etched Waveguides
	Norberg - IPNRA 2009
	Parker - Single Port Optical Switching

	6
	2009 Divider Page IE
	Ristic - Integrated Optical Phase-Locked Loop
	Ristic - Heterodyne Locking of an Integrated

	7
	2009 Divider Page II
	Chang - Efficeint High-Data-Rate Tapered
	Chang - High-efficiency high-speed
	High-efficiency, high-speed VCSELs for optical interconnects
	Abstract
	Introduction
	Device structure
	Device results
	Conclusion
	Acknowledgement
	Open Access
	References


	Chang - Wide-dynamic-range fast-response

	8
	2009 Divider Page III
	Rakher - Externally Mode-Matched





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




