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. l. Title of Project and Principal Investigator

The California Central Coast Research Partnership: Building Rclationships, Partnerships
and Paradigms for University-Industry Research Collaboration; Susan C. Opava, Ph.D.

11.  Summary of Project

The mission of the California Central Coast Research Partnership (CXRP) 1s to facilitatc
the exchange of technical knowledge and skills between the higher education scctor and
the private sector in San Luis Obispo County, and to encourage the growth of high-tech
companies in the region, thcreby enhancing cconomie development and quality of life.
Since its inception, the project has focused on technologics of relevancce to the
Department of Defense. The partnership is a long-term plan to ereate a dynamic and sclf-
supporting university-industry-government partnership that eapitalizes on the strengths
and mutual interests of the educational and technology-based business seetors. The plan
rccognizes the key role of higher edueation in preparing a highly skilled work foree and
transferring new knowledge to practical uses. The outcomes of this partnership, when
fully realized, will be the creation of a robust and self-sustamning base of University
R&D activitics; the development of cxisting technology-bascd busincsses and the
ereation of new ones; and thc generation of opportunities for job training and research
and development activities for University and Community College students and faculty.

. The project also includes the construetion (with non-DOD funding) of a tecchnology park
on the Califorma Polytcchnic State University campus, which will provide statc-of-the-
art space for private tcchnology companies engagced in research and development
activities, as well as a business incubator that will providc all of the support scrviecs
needed by start-up, technology-based companies. The aspect of the program supported by
this ONR grant is the continued development of a strong base of applied rescarch at Cal
Poly, through university-government-industry partnerships designed to optimizc the
application of the strengths of cach of these scctors to problems of mutual intercst. The
management team, operational since January *02, continues to Icad the project and
develop the collaborative relationships between the educational and private scetors that
are essential to rcalizing long-term goals and securing the financial basc that will allow
full-scale project development.

111. Relevance to ONR Objectives

A. Relevant partners.

C'RP represents a coalition of edueational institutions, local, state and federal
government, and private businesses that have worked together in unprecedented fashion
to advance the common goals inherent in the proposed university-industry partnership.
The eurrcnt partners in the project and their contributions inelude:
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California Polytechnic State University

o committed the land for the construction project, valued at ~S1.5
million

o provided assistance 1n financial management of the project

o contributed $90,000 for a pre-feasibility study by Beehtel
Corporation :

o committed several hundred thousand dollars of in-kind
eontributions of senior management timc and effort over several
years and continues to do so

o 1nvested ~$1,000,000 in efforts to raise additional funds for the
project; sccured sufficient private and other federal funding to
construct the first building in the Cal Poly Technology Park

CENIC (Corporation for Educational Network Initiatives in California;
association of Intcrnct2 universities in CA)

o works with Cal Poly to provide high-bandwidth internet access to
support C’RP rescarch projccts

City of San Luis Obispo

o in partnership with Cal Poly has dcveloped a carrier-ncutral
fiberoptic ring around the city that bencfits both Cal Poly and
technology-bascd businesses

Housing and Urban Development

o has provided funds toward eonstruction of the pilot technology
park building.

Economic Development Administration

o has provided funds toward eonstruetion of the pilot technology
park building.

Efforts are ongoing to secure new partners, ineluding:
*  Major corporations
= Small teehnology-based businesses

B. Relevant R&D focus.

The research programs that were supported are relevant to seven of the eight “thrust
areas”” of ONR’s Code 30 Science and Technology Program. The projects involved basic
research in these areas, as well as applied research and development Icading to more
immediate technological applications. The seven areas of relevance and the morc specifie
focus areas to which the research contributed are listed below:

Command and Control, Computers, Communication: situational awareness;
communications; conformal antennae; visual speech analysis.

Force Protection: improved protection for the individual; smart materials; injury
mitigation; 1ED detection; bio- and chemical-hazard detection and mitigation.

Mine Countermeasures; coastal monitoring; IED detcction; situational awarencss.
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Human Performance, Training and Survivability: cognitive performanee
enhaneement; physieal performanee enhaneement; smart materials; sensors; natural
sunscreens and irradiation markers; biological stress reaetions; biomarkers; hapties;
improved materials and processes for use on military bases and in the field.

Intelligence, Surveillance and Reconnaissance: data/information analysis and
distribution; sensors; antennae.

Logistics: alternative power sourees; new materials.

Maneuver: advaneed design and materials for vehieles (land, air, and spacecraft);
ESTOL

C. University-industry-government partnership.

The primary foeus of this long-term initiative is to forge a strong link between private
seetor R&D and University applied researeh to speed the development of new knowledge
and the transfer of technology to the publie and private sectors. San Luis Obispo has
become a draw for technology businesses (with a heavy eoneentration of software
development companies) from both the LA Basin and Silicon Valley. For example, SRI
(Stanford Research Institute), International operates a "software eenter of excellence” in
the eity. Loekheed-Martin has a researech and development group in nearby Santa Maria.
Two loeal companies manufactured eritieal eomponents for the Mars rovers, and other
companies, e.g. California Fine Wire, are suppliers to the military. Also located on the
Central Coast are branches of two major biotechnology eompanies: Promega Bioseienees
and Santa Cruz Biotechnology.

D. University strengths.

Cal Poly 1s a State university that has achieved national distinetion as a polytechnic
university, with engineering and computer scienee programs ranked among the very best
undergraduate programs in the eountry. Its strengths have led it to orehestrate the
research partnership effort and the consortium of partners deseribed herein. Cal Poly also
has affiliations with CSA (California Space Allianee) and with Vandenberg Air Foree
Base, where it has offered an M.S. in Aerospace Engineering by distance learning. Cal
Poly has the eapability to offer many more academie programs by distance learning to
remote locations. In particular, through possible collaborative agreements at eable-head
loeations around the world (ineluding Asia and Europe) our programs ean be made
available to military personnel stationed almost anywhere in the world.

Over the past several years, the University’s faculty has been turning over at a rate of
about 10% a year. The University has responded to this opportunity by hiring research-
oriented faculty and promoting applied research and development. With as many as 50-
60 new faculty hires per year in the past five years, and the expeetation that this will
eontinue for several more years, the University is positioned to undertake significant
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R&D projects for government and industry. C’RP has provided needed support and

‘ infrastructure for these faculty, which has enabled them to devclo? ongoing rescarch
programs and secure ~$6 of competitive funding for each $1 of C'RP funding invested in
them.

Cal Poly also has a highly qualificd student body with entering credentials comparable to
students who attend the highest ranked campuses of the University of California. Our
students gain valuable experience working with faculty on externally sponsored rescarch
projects.

A hallmark of Cal Poly is its extensive network of industry partners. The President’s
Cabinet consists of more than 30 major corporate and business leaders. Each college, and
cach department within the college, has its own industrial advisory board. In the past,
these connections were not exploited to attract industry-sponsored R&D to campus;
hence, onc of the goals of the C*RP partnership is to use these existing relationships with
industry to garner support for our R&D efforts, wherever possible in a three-way
partnership with government entities so as to leverage the assets of cach partner for the
benefit of all. Cal Poly’s College of Agriculture, Food and Environmental Scienee has
successtully demonstrated this kind of partnership through its Agricultural Research
Initiative. Through this initiative, a consortium of four campuses in the CSU garnered $5
million a year in on-going funding from the State of California to support agricultural
research of interest to the State, with a pledge to raise matching funds from industry. This
year, the State and private funding leveraged additional support from the federal

‘ government.

As will be seen in the remainder of this proposal, Cal Poly has extraordinary technical
assets that can be brought to bear on the science and technology issues of import to ONR.

In summary, the California Central Coast Research Partnership has taken advantage of a
conflucnce of factors, including existing and potential relationships, fortuitous and unique
teehnological and economic developments in the region, the particular strengths and
expertise of the Collaborative Agent Design Research Center at Cal Poly, and a meshing
of the research and development interests of the University, the Oftice of Naval

Research, and the private seetor. C’RP is the vehicle for fully realizing the benefits of the
common goals and synergics of the partners and their respective resources.

IV.  Summary of Results During the Period of Performance

A. General.

This program was originally funded through an award from ONR in FY 02. This report
covers an award that began on 9/30/2006 and ended on 12/31/2008. General
accomplishments arc summarized below. Detailed reports are presented later in the
document.

‘ An overview of accomplishments during this project period follows:
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‘ e Researeh carried out by the CADRC (Cooperative Agent Design Research
Center), of particular interest to ONR and the Marine Corps, was again funded. A
detailed report on this projeet 1s provided in Seetion [V.C.1 of this report.

e New research has been developed and some research has been eontinued,
ineluding some with industry eollaboration. Projeets address topies highly
relevant to defense and national seeurity, such as nanotechnology, imaging and
analysis, smart materials, energy efficieney, communieations, sensors, ultraviolet
irradiation, biohazards, ehemieal agents, visual speeeh analysis, artifieial neural
networks, and underwater optical sensing. Detailed reports of the results of these
projeets are presented in Seetion IV.C.2 of this report.

e Sinee January 1, 2003, C’RP-supported faculty have received >$37 million
($37,617,448) in competitive funding from other sources.

o New research capacity was developed, ineluding new instrumentation and
enhaneed infrastrueture (detailed below in Section 1V.B).

e Funds were also provided to support small student research projects through
eollaboration with Cal Poly’s Honors Program. Talented, high-achieving students
in Cal Poly’s seleetive Honors Program were given the opportunity to work on

‘ researeh projeets with a faculty member for 1-2 aeademie quarters and to present
their results at a eampus symposium at the end of the academie year. C*RP-
supported projeet reports are presented in Seetion 1V.C.3 of this report.

¢ Signifieant enhaneements have been made in information technology
infrastructure:

o Internet2 conneetivity was initially applied for, approved, and aequired
for the eampus in November 2001, to support eurrent and future research
efforts. Internet2 membership and eonneetivity has eontinued during this
grant period.

o We eontinued to support a grid computing network (IBM e-Cluster),
established during a previous grant period, to support specific researeh
projects that require high-end computing eapability previously unavailable
on eampus. During this period additional nodes and memory were
installed. The projeets that used the environment inelude:

1. Development and applieation of numerieal simulation teehniques
to identify and optimize biomedical device performanee.
2. Exploring the evolutionary implieations of diatom
Bacillariophyeeae) genome size variation. The primary goal of this
project is to eompute a phylogenetie tree of speeies in the
‘ bacillariophyeeae. A maximum likelihood algorithm was used to

infer the relationships based on the 18s SSU nueleie aeid
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sequenccs. Computing power is often thc limiting factor in similar
‘ projects and the ability to access a high performance system 1s
critical to the project.
3. Exploring the effect of upstrecam blockage on the airflow and fuel
spray in an air/fuel swirler.
4. Exploring materials or means of reducing sound and vibration of
rail systems during operation.

e A database of >70 technology—based companies that are potential partners n the
project and potential research collaborators has becen updated and expanded. A scries
of on-campus research forums was initiated, in which these companies are invited to
campus three times a year to learn about specific University research projects and
identify potential areas for collaboration (see Appendix A).

e Thec first rescarch and development company to be located on campus in
anticipation of the construction of the pilot building for the technology park is
flourishing in the campus environment and has developed research collaborations
with faculty in several different disciplines and colleges. Applicd Biotechnology, Inc.
1s a company that specializing in the use of genetically modified plants to produce
non-food products, for example, industrial enzymes, biochemical rcagents and oral
vaccines. The presence of the company has spurred faculty to dcvelop rescarch 1n this
area and a specialized research greenhouse was acquired to support this developing

‘ work.

e New relationships have becn established with technology companics that arc
potential research collaborators, including: Aeromech, Agilight, Applicd
Technologies Associates (ATA), CafeFx, ConAgra Foods, Crystal Engineering
Corporation, Digital West, Empirical Systems Aerospace, Epson, Form Fonts,
InfoGard, Olympus, Pratt & Whitney, Propellant Solutions, Proven Management,
Quintron, Rantec, Seven Pinnacles, Sonic Sensors, and Thresher Industrics.

o The web site for the project (www.c3rp.org), which presents C*RP as an interface
between Cal Poly and business/industry for thc purpose of facilitating R&D
relationships, was completely redesigned and updated.

o Efforts continue to develop industry partners in the arca of alternative energy and
energy efficiency for the purpose of developing research in this ticld. To this end we
have worked with Phycotech, AUSRA, Continental WindPowcr, EFuel, Encrgy
Alternative Solutions, Ine., Pacific Gas & Electric, Rey Energy, and Blue Aqua
Solutions.

e The project’s leaders have continued to work with other private and government
partners to advance the project and to attract research collaborators and support.
During this project period, we were successful in obtaining all of the funding needed
for construction of the first building of the technology park. Construction began in
‘ November 2008 and will be completed in Spring 2010. We also obtained letters of
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intent to lease from enough tcchnology-bascd companics to lease the entirc available
‘ spaee (20,000 sq. ft.)

B. Development of new research capacity

Onc of the goals of the projcct was to increase the capacity of the organization to carry
out state-of-the-art research in the arcas of interest. To this end, specialized
instrumentation was acquired and infrastructure was developed, as detailed below.

1. Instrumentation.

Wc acquircd the following major cquipment/systems. Other minor instrumecntation,
acquired for use on individual projects, is described in the reports for those projeets.

Research-Grade Atomic Force Microscope — This AFM was acquircd on the previous
ONR grant to support nanotechnology research projects. Two significant upgrades werc
made during the eurrent grant period to support C’RP researeh involving the crcation of
nanowircs and the evaluation of corrosion in microscopic materials.

Tank System - This system was acquired to allow the growth of barnaclcs in the
laboratory for researeh on non-toxie coatings that prevent adherenee of barnaeles to
marine struetures, and, therefore, biofouling. The research has applieation to materials
used for ship hulls and other naval equipment and faeilities.

Electrophysiology Laboratory Equipment — An cleetrophysiology laboratory was
cquipped to support research on neural toxins, such as nerve gases. The cquipment
acquired 1s described in detail in the rcsearch project report cntitled “Establishment of an
elcctrophysiology laboratory for cxpcrimental validation of a combined model of the
neuromuseular junction undcr the influence of acetylcholinesterase-inhibiting neural
toxins.”

Acoustic Wave and Current Sensor (AWACS) - This coastal monitoring

System was aequired to support on-going marine science research at Cal Poly. It 1s both a
eurrent profiler and a wave direetional system in one, and ean measure the eurrent spced
and direction in 1-m thick layers from the bottom to the surface, as wcll as measure long
waves, storm waves, short wind waves, or transient waves generated by local ship tratfie.
Thc system will support ongoing research including measurement of potential flow
patterns for ocean contaminants, and will provide wave height/period data for use by the
public. Vertical current velocity data from this sensor, combined with identieal data
streams from the Cal Poly Pier, can and will be used for examining the circulation in San
Luis Obispo Bay and will facilitate ONR-supported projects by E.Griffith and M. Molinc.
Moreover, all data will flow in real time to the NOAA regional ocean observation
systems: the Southern California Coastal Ocean Observation System (SCCOOS;
www.sccoos.org) and the Central and Northern Coastal Ocean Obscrvation System
(CeNCOOS; www.cencoos.org).
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Real-time PCR (Polymerase Chain Reaction) System — This instrument will support
. several C’RP-related genomics research projects across campus.

Laser Scanning Confocal Microscope (LSCM) — This instrument was acquired to
support multiplc C’RP investigators and projccts across campus. Uscrs and applications
arc described below:

Lily Laiho (Biomedical Engineering)

Although wecll-established histological techniques are the current mainstays for the
detection and diagnosis of tissue pathologics, these methodologies all rcquire invasive
cxcisional biopsy procecdurcs, which invariably impose dclays in diagnosis and
contribute to rising healthcare costs. Thus, novel, minimally invasive, cost-cffective,
rapid diagnostic technologics nced to be developed for discase diagnosis. Optical biopsy
is onc such arca that is bemg developed to visualize and understand tissuc formation,
structure, and function. My overall objcctive is to develop an optical biopsy that cnables
us to study the spectral signatures of thc biochemical constitucnts within tissuc. This
information can providc tissue morphological and biochcmical information without the
need for the removal of tissue from a patient and can be used to dctcrminc the
pathological state of tissuc. This system will enable sub-micron resolution that allows
for imaging within intact, three-dimensional tissue and charactcrization of the
biomarkers of normal and cancerous tissue.

In rescarch with optical twcezers we have been trying to measurc the binding forces
between bacteria and proteins that occur in milk. These may provide insight into the
health-promoting effects of ccrtain components of milk. Our protocol is to coat the
surfacc of a microscopic polystyrcne bead with the protein and then, grasping the bead
with the twcezers, movc the bacterium and bead together until they bind. Oncc binding
occurs, we then try pulling the bead from the bacterium. A recurrent problem we have
been having is that we do not know how well the beads are coated with the protein. Is the
coating uniform or does it occur in clumps? Do all beads have cqual amounts of protcin?
Although chemical analysis can tell us that the protein is somewhcerc on the beads, it docs
not say where. With the LSCM we are able to use its excellent spatial localization
propertics, along with fluorcscence, to sece wherc the protcin resides.

. John Sharpe (Physics)

In other work we are doing related to liquid crystal devices, we havc to fabricate
cxtremely thin films (~ 2 microns) of liquid crystal between two glass plates. Variations
of thickness would lead to unacccptable variations in the optical properties of the LC
device. The LCSM allows us to measure thickness variations easily and accurately.

Nikki L. Adams (Biology)
The majority of research conducted in my laboratory involves cxamining how the
cnvironment affects development of sea urchin embryos, which arc a powcrful model
organisim. One of the main goals of our research is to assess the molecular basis of how
ultraviolet radiation causcs delays in cell division and development of sea urchin

. cmbryos. We have performed extensive studics examining eftccts of UVR on proteins
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that control the cell cycle using SDS polyacrylamide gel electrophoresis and western

. blotting using antibodies to characterize changes in the activity of protcins. The eell
cycle and early development of sea urchins is regulated by post-translational
modifications of proteins including phosphorylation and subsequent localization of these
proteins. Many of the cell cycle proteins are localized in the cytoplasm when they are
inactive and move to the nucleus when they are active. In addition, stress-related proteins
co-localize with different proteins during stressful events. We have attempted to use
fluorescently labeled antibodies to identify how UVR affects localization of multiple cell
eycle and stress-related proteins using a standard fluorescence mieroscope. Nevertheless,
sea urchin eggs are yolky and vary from ~80-120 um in diameter, preventing proper
imaging of localization of these antibodies. With thc confocal microscope we are able to
optically section eggs and embryos of sea urchins that have been labeled with
fluorescently tagged antibodies for cell cycle or stress-related proteins and identify the
precise location of the phosphorylated proteins. This confocal microscope has been
critical to the progression of this aspect of our research becausc it allows us to bettcr
identify molecular biomarkers of many types of environmental stress.

Derek Gragson (Chemistry and Biochemistry)
[ have been eollaborating with Rafael Jimenez in the Dairy Produets Tcchnology Center
on a research project designed to develop the tools and techniques that would allow us to
explore the structure of the milk fat globule membrane (MFGM). The MFGM is a natural
nutrition-delivery system that has been associated with beneficial aspects of health. Over
the last two dccades, a great deal of knowledge on the intracellular origin, composition,
‘ and 1solation procedures of MFGM has been accumulated. In recent years, several health-
beneficial components of MFGM have been identified, which consequently has led to
increasing interest in developing MFGM as a food ingredient with unique functional
properties and health benefits. A hurdle in the path of developing MFGM as a food
ingredient 1s the lack of basic information on the structure of this membrane derived from
its lipid composition, and the interactions between the lipids and the various proteins
normally accompanying it.

Our work to date has focused on exploring monolayer films derived from the
phospholipid fraction of the MFGM. We have employed Langmuir-Blodgett film balance
measurements, atomic foree microscopy, and fluoreseence microscopy in exploring these
films. Our work has shown that the phospholipids phase-separate in these films, forming
regions rich in phosphatidylcholine and sphingomyelin that are likely analogues to lipid
rafts formed in the native MFEGM. The laser scanning confoeal mieroseope allows us to
investigate this phase separation in nativc milk fat globules and provides us with the
important link between our more fundamental, yet more easily controlled, monolayer
studies and the structurc in the native MFGM.

Rafael Jimenez (Dairy Produets Teechnology Center)

In biological scienees there is an increased interest in the role that some nutrients may

play in preventing or ameliorating the effect of major diseases (for example, some types

of eancer, eardiovaseular diseases, eye disorders, among others). In particular, our sevcral
‘ efforts within C’RP and ONR focus on the soldier’s wellbeing. In this respect we have
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focused on dairy products, and the bioavailability (the proportion of an ingested nutrient

‘ that is made available for its intended mode of action) is more relevant than the total
amount present in the original food. Disruption of the natural matrix or the mierostructure
created during processing may influence the release, transformation, and subsequent
absorption of some nutrients in the digestive tract. Therefore, the analysis of food
microstrueture is in the forefront of many: of the projeets currently being developed in my
laboratory. The LCSM has enabled us to study the following: lactic acid bacteria surfaces
atter growth in dairy products; changes in surface of the milk fat globule membrane
through production and processing of milk; survival of benefieial lactie acid bactena after
diverse drying proeesses in a highly nutrient-dense, ready-to-cat meal.

2. [Infrastructure.
In the infrastructure area, the following projeets were supported.

Rescarch Greenhouse - New greenhouse space was acquired and equipped to enable
research in transgenie plants. This new interdiseiplinary area is being developed
specifically for research on non-food products, in which the transgenie plant is simply the
vehicle — or a protein factory - for expressing proteins of interest. The initial projects that
are being undertaken focus on the produetion of oral vaceines in plants. These can be
stored indefinitely and, when econsumed, confer immunity against diseases such as
malaria, traveler’s diarrhea, and Hepatitis B among others. Other applications are
expeeted to emerge, for example genetic modification of corn to greatly enhanee and

‘ reduce the cost of extracting cthanol; and the production of detoxification agents (for
example, against nerve gases) in transgenic plants that provide protection to the
individual when the plants are consumed.

Hybrid Rocket Motor Facility — To improve safety for this C’RP-supported project,

partial funding was provided for an outdoor enclosure for the high-pressure, flammable-

gas cylinders, air compressor and air dryer that are used in the experiments. These were ‘
originally located inside the laboratory.

C. Dctailed research reports

The remainder of this report contains detailed individual reports of the technical results of
the researeh projects carried out during this projeet period. They are presented in the
following order:

1. Collaborative Agent Design Research Center (CADRC) projcct report
2. Other research project reports
3. Honors-student project reports

Representative publications resulting from this work are included in Appendix B.
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‘ Knowledge Management Project

Projeet Investigators:

Jens Pohl and Steve Gollery
Collaborative Agent Design Researeh Center (CADRC)
Architeeture
California Polyteehnie State University
San Luis Obispo, CA
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‘ Executive Overview

Legacy system data models ean interoperate only if their syntactic and semantie
differences are resolved. To address this problem, researchers and students at the
CADRC Center have developed the Intelligent Mapping Toolkit (IMT), which enables
mixed-initiative mapping of meta-data and instances between relational data models.

Schema mapping eannot be entirely automated. The proecess requires human analysts to
read documentation, to interact with the designers and users of a system to learn their
understanding of data fields, and to eoordinate with other analysts to ensure that
mappings are consistent across all schemas. IMT supports human analysis by automating
speeific aspects using case-based reasoning, and enabling mappings to be defined in a
collaborative manner.

IMT employs a distributed multi-agent architecture so that, unlike many other etforts, it
can perform mapping tasks that involvc thousands of schema elements. This architecture
includes a novel federation of matching agents that lcverage case-bascd reasoning
methods.

IMT has been tested against real world databases and has been found to be eftfective at
redueing both mapping time and mapping errors.

Introduction
‘ Operational enterprise information and associated decision-support systems are
eomponents of dynamie enterprise environments. As sueh, the funetional requirements of

these systems and their scope periodically changc. New systems are introdueed to address
the emerging requirements, while legacy systems undergo design modifications. This
disjointed, yet organie, and ultimately evolutionary growth of ecomponent systems
inevitably results in data and process redundancies. Efficiencies and aecuracics can be
gained by re-architeeting the component systems and the associated data.

As an example of this type of problem, the US Transportation Command (USTC)
reference data management effort is an elemental instance of the phenomenon of system
redesign resulting from changes in enterprise-level requirements. Re-architecting the
legacy databases to eliminate redundancies and inconsistcncies by adhcring to the
prineiple of capturing the data only onee at the point of origin entails a laborious, error
prone, and time-consuming task. Re-architeeting implies that the legaey systems may
need to acecess data and proeedures outside their native sources. Such sourees typically
constitute the reference data.

In the 2006-2007 project year, researchers and students at CADRC, under the auspiecs of
the California Central Coast Research Partnership, have participated in the development
of thc Intelligent Mapping Toolkit as a way of addressing the issues of inter-systcm
eommunieation. IMT is intended to support analysts in eonstructing semantically-based
mappings from the data representations used by individual systems, to a common shared
domain model. This report discusses the architecture and eentral concepts of the
Intelligent Mapping Toolkit.
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Project Description

The Intelligent Mapping Toolkit (IMT) provides a set of capacities that support analysts
in mapping the data representations of legacy systems to a common shared
representation. The next section describes the mapping tasks that IMT ean assist with,
followed by a section discussing the use-cases that the system currcntly addrcsses.

Mapping Tasks

Both the re-architected and the legacy data sources in this project constitute rclational
databases. Moditying the legacy applications to refer to the newly architected reference
databases involves the following two sub-tasks:

1. Meta-data mapping: This entails locating tables and fields in the new databasc
that correspond to the ficlds and the tables in the lcgacy application’s database
and the subscquent development of mappings between the data sources. The
scarch space of potential mappings grows as the square of the number of entities
and the attributes involved. In the USTC effort, hundreds of tables and ficlds arc
involved, which makes this a significantly complex and effort-intcnsive task.
Manual mapping, unaided by decision-support tools, can tax rcsources and prove
cxtremcly difficult. Clearly, methodologies to automate mapping can improve and
accelerate database interoperability efforts. However, simple mapping techniques
(such as the pairing of identical field names from different databascs) are bound
to be of limited use because field names from tables in two independently
developed databascs arc seldom identical.

Variations in the naming of fields and tables can be characterized at three levcls:
» Variations in spelling and abbreviation.
» Differences in terminology arising from conceptual variations.

= Ambiguous use of naming terminology.

2. Instance data mapping: This entails the mapping of database records and fields
(i.e., content) from one database to another. In many cases, the data are
represcnted identically in both databases. However, this may not hold true when
different encoding rules have been cstablished. This typically occurs in reference
data where an enlargement of scope ean result in a change of encoding rules. An
cxamplc of such a change is the merging of telephone numbcr area codes or a
change in telephone number format (e.g., storing phone numbers in a single phone
number ficld versus distinct area code and phone number fields).

Current Capabilities and Design

The IMT proof-of-coneept system consists of two distinet software elements: a rich elient
applieation to interface with end-users; and, a back-end object server supported by active
software agents. Figure 1 provides a block-level overview of the system architecture.
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Figure 1: IMT architecturc

The IMT Clicnt 1s composed of thrce layers. The Graphical User Interface (GUI) layer
provides interaction with users. The Logie layer provides the underlying application logic
upon which the interface elements are based. The Information Access layer implements

. the interface to the information objects that the IMT Client application consumes as
inputs and produces as outputs.

The IMT Server consists of an Information Server, an Agent Enginc, a Persistence
Repository, and a Data Management component. The Information Server provides an
executable version of the domain ontology generated from its specification and acccssible
via a layered service-oriented interface. The domain ontology models the mapping
problem inputs and an evolving solution.

High-level user interfaces conveniently encapsulate client-side aceess to the IMT server
with other object management features such as local caching and event notification
mechanisms. The available high-level interfaces for the IMT Information server ensure a
large degree of physical interface compatibility with a diverse rangc of client
implementations.

The Agent Engine interacts with the Information Server in a loosely coupled fashion that
allows for opportunistic change-driven communication with the information model of the
evolving mapping problem solution. An agent framework is provided that allows for a
blackboard style of interaction with the information model such that multiple agents may
simultaneously collaborate to produce thc evolving solution representation. Agents may
be easily added, removed, or substituted to allow for experimentation and scalable
cvolutionary system growth. Agents may utilize external agent resources such as
WordNet, a publicly available linguistic ontology.

The data management component implements an abstract data access interface that
. utilizes the Java standard JDBC interface supported by most relational databasc

14
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management systcms to access the mcta-data and data clements within the external
relational data sources. It also provides for intelligent management of external data such
that data 1s only imported from the external sources and loaded into the Information
Server for analysis by human users and software agents as required, thereby improving
overall system pcrformance.

The external relational data sourccs contain the meta-data and instancc data that serve as
the mputs to specific mapping problems. Meta-data elements include the data model
schemas associated with chent systems and the USTC Master Model, rcpresentations of
which are available in the system tables of SQL standard relational database management
systcms (RDBMS). Data clements are represented by the records within the operational
levels of an RDBMS. Examples includc the reference data valucs stored with the USTC
rcference data management system TMDS.

Technical Approach

For the interactive meta-data mapping task, the current system entails application of a
case-based classification methodology to addrcss the mapping issues that arisc from
spelling variations, terminological diserepancies, and ambiguous tcrminology usage.
Classification is the task of assigning one or more predefined labels to a previously
unlabelled object.

Our methodology arises from our view of the meta-data mapping task as a classification
task. We view the field and tables in one database as a set of prcdetined labels to be
assigned to the fields and tables (i.e., objects to be eclassified) in another database.
Classification techniques inherently concern objccts that share, to varying degrees, a
common set of features. Many well-established classification techniques exist in the
ficlds of machine learning, a branch of artificial intelligence, and statistical pattern
recognition (Michie ef al., 1994). Examples include Bayesian, neural networks, support
vector machines, decision-trcc induction, and nearcst-neighbor or case-based
classification approaches.

15
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Figure 2: Case-based elassification

The applicability and eclassification performances of these techniques depend on the
representation language of objects and the amount of available pre-classified data. For
example, neural networks and support vector machines work wcll with many examples of
numerical data. In contrast, ease-based teehniques are well-suited for a mixture of data
types with relatively few examples. The meta-data mapping task is relatively unique in
that it involves numerous classes—one for each field—and provides only one cxample
per elass. Thus, only ease-based elassifieation approaehes ean be applied to the meta-data
‘ mapping task, in the manner detailed below.

Case-based classification works as follows. For a new object or a casc to be labcled, it
retricves the most elosely matehing previously labeled cases from a database of cases,
called a case base, and assigns the label from thc retrieved cascs as the label for the new
object (Kibler and Aha 1988). For the mapping task, we define a case as the contextual
attributes of a field from one database together with its name. The objective of ease-bascd
mapping is to identify elosely matehing fields and their context in the target database. We
address the following two design factors that bear strongly on classification performanee:

1. Case representation: A case is a structured representation of the factors to be
used for assessing similarity between two cases. The most popular ecase
representation is a list of attributes and values. We explore various types of
attributes to address the mapping issues raised earlier. For example, we test
the following attributes associated with a database field:

* The terms contained in the field name (e.g., a field name
“Airport_code” has two terms “Airport” and “code”).

= Trigram components of the field names.
= The terms contained in the table name.
= The terms used to describe the contents of the field.

= The database attributes (e.g., whether the field is a primary kcy
or a foreign key).

16
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* The properties of the field sueh as its length and type (e.g.,
‘ numerie, string, and date).

Thus, our mapping case representation includes the attributes and the
associated label (1.e., a field name).

2. Similarity metric: A similarity metric is an aggregation function that assigns a
number between 0 and 1 as a measure of similarity between two cases. A
similarity value of 1 implies that the two eases are identical and a similarity
value of 0 implies that they are completely distinet. Similarity metries often
use parameters such as attribute weights to 1mprove elassifieation
performance. When a large number of features are assoeiated with a case-
base, some prove irrelevant and ean reduee elassification performanee. While
such parameters can be provided manually, CADRC plans to use automatic
methods to achieve the same result. We select from several attribute weighting
and feature selection methods at our disposal, among them information gain
and rough set theoretic methods (Gupta et al., 2005). As part of our similarity
metric development, we respond to terminologieal variations in spelling as
follows:

*  Automatically develop an abbreviation resource: We use the USTC
Master Model logical names that inelude non-abbreviated terms
(e.g., Airport) and their corresponding physical names that include
abbreviated terms (e.g., ARPT) to automatically create a lexicon of
‘ abbreviations for use in similarity assessment.

» An alphabetic order-based abbreviation detection algorithm: The
letters in an abbreviation preserve the relative ordering of the
original word. For example, the letter “R” oeceurs after “A” in the
term “AIR.” This regularity may be exploited to detect abbreviations
that are not available in the abbreviations lexieon.

= Detection of conceptual abstraction: We deteet econeeptual
cquivalence of two distinet terms in the following two ways:

1. Automatically create a synonymous terms lexicon. We
develop this by exploiting the mapping that has already
been performed. For example, if the field label “Ship
Id” has been manually mapped to “Vessel Code” we
ean interactively identify that “Ship” is synonymous
with  “Vessel” and “eode” is synonymous with
“identifier”. Such a resource i1s used directly for
similarity assessment.

1.  Use WordNet (Fellbaum, 1998), a publicly available
linguistic ontology, to identify occurrences of
terminologieal variations due to eoneeptual abstraction.
For example, we exploit the hyponym relations (is-a-
type-of) relation between econeepts (e.g., Ship is-a-type-
of Vessel) as part of our similarity assessment.
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‘ Agent Architecture

Below, we¢ summarize an agent-based architecturc for thc implementation of the
described casc-based classification methodology. This architecture is depicted in Figure
3. The IMT agents operate in two distinct phases.

/ Case Generation ;
\ Agent
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l.  Resource preparation and learning phase: In this phase, various
resourccs for casc-based classification are devcloped and parameter
scttings are learned as follows:

Figure 3: IMT agent architecture

a. Case and query preparation: The source databasc schema
(1.e., thc onc to be mapped) and thc targct databasc schema
(1.e., the USTC Master Model) are transformed into queries
and cascs respectively by the Case Generation Agent, which
converts each field and its contextual attributes into a casc.

&

Similarity  resource preparation: The Abbreviations
Extraction Agent and the Synonvm Extraction Agent use the
USTC Mastcr Model and the manual mappings rcspeetively to
develop the Abbreviations and Synonym lexieons.

c. Similarity metric learning: The Feature Weighting Agent
operates on the Target Case Base to select relcvant attributcs
and computc their importancc weights.
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Mapping phase: In this phase, the Similarity Metric Agents treat each
case from the Souree as a query for semantic comparison against the
target cascs. These agents use the learncd similarity metric along with
the acquired resourees to compute the similarity between the query and
the target cascs. The rcsulting scorcs are then presented to uscrs as
suggested mappings.

(3]

IMT Future Directions (2008)

* Additional Agents — The most obvious and immediatc path to extend IMT
capabilities is through the addition of new matching agents. Indeed IMT was
designed such that new agents ean be easily added without modifieation to the
cxisting code-basc. As discussed in thc accompanying Progress Report (2 July
2007), the IMT agent framework aceepts two schemas for meta-mapping
problems and two table extensions for instance mapping problems. The
framework performs proeessing on the schemas or table extensions as a whole
such as the weighting of words or trigrams in regards to their rarity within the
schemas or table extcnsions respeetively comprising thc mcta-data or instance-
data mapping problem. After this initial proeessing of the problem, the
framework passcs each pair wise sechema or instanee element eombination to cach
registered agent. Agents return a similarity score for each element pair based on
the agent’s particular algorithmie expertise, which i1s typieally grounded in a

‘ specific Al paradigm. The seorcs from the individual agents arc then statistically
eombined to produec a eomposite seore for cach problem clement pair.

o Context Agent — The existing mix of IMT agents produees a high
degree of meta-data match ambiguity for referenee data clements.
Match-result ambiguity is high when many element pairs result in
near identical scores. The utilization of IMT on rcal-word data
mapping problems indieated reasonable mateh ambiguity for purely
operational data, but excessive ambiguity when referenee data
elements are introduced into the mix. Refercnce data is comprised
of fairly static data elements intended to provide standardized
enterprise-level context to system speeifie data. This representational
division results in many speeifie operational data referenees to
reference data eclements. The ubiquitous use of referenee data
attribute names within operational data results in the pair wise
combinations of the eorresponding utilizations of a specifie refercnce
data attribute reeeiving identical — or near identical — mateh
similarity seores. The eurrently implement IMT Agents utilize only
table speeifie features when generation mateh similarity seores and
as such do examinc features capable of distinguishing the scmantic
differences among referenees to identical reference data elements.
The introduction of an additional agent that examincs the featurcs of
data 1in those tablcs directly rcferenced by tablc of the data clement

‘ mateh eandidates. This approach introduees the requisite distinetions
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of context to greatly reduce the mateh ambiguity observed for
reference data clements.

o Data Value Agent — The metadata of many domains was found to
be of such poor quality that insufficient semantic context is available
to the existing metadata mapping agents to provide useful mapping
suggestions. Semantic features of interest for meta-data comparison
include the: table and ficld names, free text table and field
deseriptions, and field data-types. If eryptically shortened
‘programmer names are utilized, no deseriptions provided, and most
data a variable length character string there is little the agents ean do
to assist in the mapping regardless of the level of intelligence they
employ. For this case additional features must be introduced to
disambiguate the match results. The only feature that will suffice in
the context of exceeding poor semantic database design and
specification is the associated instance data. An agent capable of
comparing the actual field values of meta-data clements is required
for these cases and will additionally improve the mapping accuracy
in the context of semantically rich meta-data as well.

o Other Al paradigms — The open-ended agent framework provides
an ideal test bed for experimentation with a diverse breadth of Al
paradigms (e.g., ncural networks, expert systems, and deseriptive
logics), for their applicability to data mapping problems.  The

‘ automated regression testing framework that was mcorporated into
IMT provides the ideal means to quantify agent performance against
standard test cases and thus compare the utility of differing
paradigms as applied to the generalized meta- or instance-data
mapping problems or to those within specific specialized
communities of interest.

* Automated Agent Weighting Factors - IMT allows end-users to adjust the
weighting factors of individual agents to control the effeets of a specific agent’s
similarity seore results on the composite agent result. This approach recognizes
that different agents — based on different approaches or paradigms — may exhibit
different performance (i.e., result accuracy) characteristics n difterent domains.
While adjustable weighting factors provide powerful domain customizability,
determining appropriate weighting factors 1s not a straight-forward trivial exerecise
for typical users. This problem can be resolved by utilizing previously generated
data mappings within a given domain in conjunction with a training algorithm to
automatically determine a good mix of weighting factor values for the given
domain.

* Service Orientation — The IMT was designed and implemented as a stand-alone
single-user system. However, much of the underlying agent-based mapping
capabilities could be useful in other application contexts. In this regard, the
underlying intelligence of the semantic mapping engine should be factored out

‘ into a standalone Web serviee that could be aceessed via the Internet by other
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‘ software applications to perform runtime mapping services in support of multiple
COls.

* Improved Computational Resource Utilization — The sizc of thc mapping
problems addressable by an IMT instance are bounded by thc computer memory
rcsources availablc. Currently the IMT generates all possible combinations of
semantic clements and produces a similarity score for each combination. All
scorcd combinations arc retained until the user confirms a specific mapping. lor
a given source attribute there may be thousands of potential target attributes. By
only retaining a fixed number of the top-most source targct pairings thc IMT
memory footprint could be significantly reduced thereby allowing substantially
larger mapping problems to bc addressed. If the user does not find a suitable
mapping in the top-ranked pairs retaincd, the remaining pairs can be rcgenerated
for just the single source attribute — on demand.

= Mapping Code Generation — Ultimately the purpose of mapping mcta-data 1s to
translatc instancc data from one represcntation to another. For this purpose
transform code must be written. The scmantic map output of thc IMT is a
conceptual specification only, but contains the essential information from which it
should be possible to gencrate the transform code corresponding to an IMT
scmantic mapping; thereby realizing substantial savings on dcveclopment costs
when applying IMT to interoperability projects.

* Runtime Instance Mapping — Given the software codc to transtorm onc form of
‘ information representation to another, the existing instance extcnsions to the
mapped schemas must still be correlated in order to synchronize the information
in two distinct databases. The existing capabilities of the IMT InstanceMapper
could bc casily adapted to perform this function without human intervention.

* Intelligent Query — The same Case-Based Classification (CBC) tcchnology
employed by the IMT to rank the similarity of a given meta-data or instance-data
element to those within another repository could be utilized to produce a powertul
query by similarity capability. Traditional database technology utilizes exact
match —Boolean logic — constraints to identify and retricve an itcm of interest
(e.g., name = Joc or length < 100). This can be further augmented somcwhat
using keywords as is commonly done with internet search engincs (e.g.,
description contains ‘Joe’). Regardless, standard technology requires onc to in
essence exactly know what one is looking for in order to identify and retricve
corresponding data. A CBC-enabled Query by description similarity paradigm
would allow onc to simply write a free form English text description of the
desired data to be able to have something at lease close to the desircd information
rcturned, if available.

= Data Cleansing — An Intelligent Query could in turn bec cmployed in data
clcansing applications. For example, given a ‘dirty’ data record for a supply item.
Supposc the data rccord requisitions a supply item specified by an invalid stock
number — a requisite key to order the requested item. If the rcquisition also
contains a description of the desired item it could be used as the argument to a
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‘ similarity query mto the stock number databasc to identify the valid stock number
for the desired item.
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Molecular Sensors and Defenses against Ultraviolet Radiation
1. ABSTRACT

Many organisms arc exposcd to damaging levels of ultraviolet radiation (UVR, 290-400
nm). The overall goals of this study are to identify molecular targets of UV-induced damage and
to characterize and quantify natural sunscreens (mycosporine-like amino acids, MAAs) in local
marine organisms, using sea urchins as a model organism. We proposed the following: Aim 1.
ldentify whether Checkpoint kinase | in sea urchins, Strongvlocentrotus purpuratus (SpChk1),
which is directly activated by UVR in other organisms and which blocks mitosis, can be uscd as
a marker of UV-induced damage in sea urchin embryos. Aim 2. Screen and characterize the
function of natural sunscreens, mycosporine-like amino acids (MAAs) in local marine algae and
sea, so we may ultimately examine whether molecular targets arc protected by MAAs and
whether MA As can be developced as bio-indicators of UV-exposurc and broadband sunscreens.

2. RESULTS
Aim 1-1dentify molecular targets of UV-induced delays in cell division in sea urchin
embryos, Strongylocentrotus purpuratus as a model.

Optimization of one-dimensional gel electrophoresis methods for identifying SpChkl. We
examincd whether Chk1 kinase 1s present and — ]
affected by UVR 1n sea urchin embryos. A)\ft’i‘_‘;';‘é';"'g” B) Sheep lgG

Chkl1 is a kinase that controls activity of

Anti-SpChk1

. : R ¥ MW  embryo MW  embryo
Cdc25 and ultimately Cdc2 or mitosis. We kpa
had previously attempted to examine whether
the Chk1 protein is present in S. purpuratus 62
using direct protein analysis (SDS PAGE and e ——

western blotting). We tested multiple
antibodies for anti-human total Chk1 and
pChk1, which did not adequately recognize
Chkl in S. purpuratus. Therefore, we

Figure 1. Inmunoblots of proteins from
S. purpuratus embryos (100 min) cell lysate

utilized a more creative approach and this
projeet expanded to cloning and sequencing
Chkl in S. purpuratus. We have now
demonstrated that two antibodies we
produced against S. purpuratus Chkl
(SpChk1) recognize a singlc protein in

S. purpuratus lysates (Fig. 1). We have
optimized our conditions to i1dentify SpChk 1
in lysates of sea urchin eggs and embryos.

Determine whether Chkl exists in sea
urchin embryos

(25mg/lane) (lane 1) incubated with A)
1:10000 affinity purified chicken IgY
antibody to synthetic SpChk1 peptide(Aves
Labs). Identified using a 1:1000 dilution of
horseradish peroxidase (HRP) conjugated
sheep anti-chicken (Aves Labs) or B) 1:1,000
affinity purified sheep IgG antibody to
synthetic Chk1 peptide. Identified using a
1:1000 dilution of rabbit anti-sheep (MP
Biomedical Ine.). Bands were detected with
ECL plus (Amersham) using a Typhoon
Imager (GE/Amersham). The expected size of
Chkl is 52 kDa.

This year, wc used these antibodies and confirmed that Chkl 1s available in unfertilized eggs and
throughout carly embryonic stages (Figure 2). In addition, we have examined whether UVR
aftects the concentration of total SpChk1 during early development. Embryos were irradiated
using artificial UVR and assays described above. Protein lysates from various time points during
the first ccll division were examined using SDS PAGE and western blotting (Figure 3).
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Our results indicate that SpChk | protein
1s available in the egg through early
development (1.c. during stages where
we sce UV induced delays in division)
(Figure 2). In addition, we have Chkl __,
dcmonstrated that UV-1rradiation of Actin —*
cggs does not affect the concentration of | 4

SpChkl (Figure 3)

g

g
~
—

31 min
60 min

Examine whether UVR treatment 80
affects Chkl phosphorylation and *
activity in early embryonic cell cycles. e
Wc have performed many experiments 30
examining whether UVR affects the -
phosphorylation state or total i .

3 12 17 21 31 60
concentration of Chkl. Over the B - SRR e S TR
past year, we have gttempted mgltlple Figure 2. Relative concentration of SpChk1 in S.
assays to address this aim with limited purpuratus eggs and embryos A. Representative
success. We have attempted the immunoblot showing SpChk1 remains constant over
following: time from egg to 60 min post fertilization. Blots were

L C Siall labl iatlic R probed with an anti-SpChk1 (Aves Inc. and an Anti-
- Commercially available antibodies 10r | aetin (Sigma). B. Mean relative concentration of
pChkl. We have tested ~10 SpChk1 (+S.D.) standardized to Actin concentration

commercially available antibodies of time since fertilization (n=3).
against human pChk]1 for sea urchin
lysatcs. Despitc our experiencc using phospho specific antibodies for pCdc2 that werc gencrated
against human protcins, none of the pChk1 antibodics worked reliably for our sea urchins
lysatcs. We are not convinced that means that Chk! is not phosphorylated as a result of UVR
trcatment because the most promising these antibodies would not even recognizc positive
controls. We tricd to work with the manufacturers, but they have admitted to similar problems
with these antibodies.

2. Immunoprecipitation: We planned to perform immunoprecipitations (IPs) of Chtk! using our
anti-SpChk1 antibodies along with 1-D SDS PAGE with western blotting or 2-D gel
electrophoresis (2D GE) with mass spectroscopy analysis to identify the phosphorylation statc of
ChkI and co-localizing proteins. We have attempted protocols provided by IP experts (Dr. K.
Foltz etc.) and experienced major difficulties immunoprecipitating Chk! using our anti-SpChk 1
antibody. We have attempted to IP it using both native and denaturing conditions, but
consistently get a precipitate in all samples. We have discovered that this may be due to the high
P1(9.6) of ChkI or the peptide region that our antibody was gencrated against and that our
antibody 1s unlikcly to work for immunoprecipitations.
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3.Phosphoprotein isolation. We have attempted to use a Pro-Q® Diamond Phosphoprotein
Enrichment Kit to isolate phosphorylated proteins from non-phosphorylated proteins. Our goal
was to then run these

isolates on a standard -

1-D SDS PAGE and 2 o o

P’ o= o [ o T o (<a}
probe with our Chkl - = Bl el -
: S el Bl

antibody. iR SR i & e e B SR &
Nevertheless, in i\gtr‘]:: —— A —— - S -
using actin as a - e e S AP > T P S e
control protein (we A.
did not expect to see B.
changes in -
phosphorylation) we o
obtained actin in both I T
“nh ] | d” 100 - ey T I

phosphorylate - T l . J; i I
and 80 - ; i £ | T
nonphosphorylated” G ; : _ 4 uv irradiated
tractions. We are o : ;
still trying to - 3 { s
optimize this = i -. y
technique. g =t - ' - -
WC attemptcd to Egg 5 70 90 o 110 ‘ 130 150

) Time since Fertilization (min)

establish a protocol - AT =
to BnftuenTee ke igure 3. Relative concentration of Sp in S. purpuratus eggs and

5 preeip embryos either exposed to or protected from UVR is not affected by UVR.
Chk!l from sea il . .

; & A. Representative immunoblot showing the concentration of SpChk1 in
urchins protein sea urchins embryos remained constant despite UV-irradiation of
lysates using the embryos. Blots were probed with an anti-SpChk1 (Aves Inc. and an Anti-

antibod actin (Sigma). B. Mean relative coneentration of SpChk1 (+S.D.)
SpChk1 ody
2 : standardized to Actin concentration for each treatment at time since
produced in chickens fertilization (n=3)
(data not shown). =

Next, we will

examine these immunoprecipitates using two-dimensional gel electrophoresis (2D GE) combined
with mass spectroscopie analysis (MS) to characterize the phosphorylation state of Chkl and
identify co-localized proteins from sea urchin embryos. We will collaborate with Dr. Tomanek,
who has suceessfully applied these techniques, to determine our optimal methods.

4. Two dimensional gel electrophoresis: We have attempted 2-D gel electrophoresis and western
blotting for Chk1 on 2-d blots. Nevertheless, the high PI of Chkl warrants using higher than
standard isoclectrie foeusing range and a speeial loading chamber, which we do not have at this
time. We will pursue this avenue further.

5. Chkl inhibitor assays: We have also performed funetional assays using inhibitors of Chk|1
activity (GO6976 from Cal Biochem (Kohn et al., 2003)) to determine whether Chk1 regulates
UV-indueed delays in division in sea urchin embryos. Because Chk|1 transmits the signal for a
mitotic checkpoint, stalling the cell in division, we expected UV-indueced delays to be lower or
diminished in the presence of a Chkl inhibitor. Briefly, we have exposed sea urchin embryos to

26
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various combinations of UVR and concentrations of GO6976 to determine whether the imhibitors
amehorate UV-induced delays in cell division (Fig. 4, n=1). Our experiments confirmed that
UVR causes delays in mitosis of sea urchin embryos. Nevertheless, aliquots of embryos
incubated with Chkl and no UVR experience a delay in division compared to non-cxposcd (UV
or G06976), but the overall UV-induced delay in mitosis is lower than in embryos not exposcd to
the inhibitor. We perform further experiments with a lower concentration of GO6976. The
control embryos divided at the same time, but there was no difference in the amount of cleavage
delay. Therefore, this assay either tell us that Chkl is not active in these eells, Chkl1 docs not
aftect UV-induced cleavage delays or that this inhibitor is not working in sea urchin embryos.
We are cxploring other Chkl inhibitors to further cxplore this question.

120
100
——C
80 —tr— |V
D
Duv
60
-o—50C
—— 50UV
40 —e— 100C
—a— 100UV
20
0 - & & e o
80 100 120 140 160 180 200 220 240 260

Time (min)

Figure 4. Graphs of the division rates (percent cleavage over time since fertilization) and eftects of’
UVR and Chk]1 inhibitor (GO6976 dissolved in DMSO) on S. purpuratus embryos. Treatment of
cggs and embryos were as follows: C=Control (no UV, no GO6976; UV=+UV, no GO6976,
D=DMSO, no UVR, DUV=DMSQO, tUV, no GO6976; 50C=no UV, +50uM GO6976; SOUV-+UV,
t 50uM GO6976; 100C=no UV, +100uM GO6976; S0UV=+UV, +100uM GO6976. UV-irradiation
causcs a delay in division in all cases. DMSO may have decreased the effeets of UVR. GO6976
treatment alone appears to delay development, whereas GO6976 +UVR deercases the UV-induced
delay, but may lead to deercasced total cleavage.

Conclusions: Our results indicate that UVR does not aftect the coneentration of total SpChkl.
This result is consistent with the UV-induced response in othcr organisms, where regulation
occurs at the level of phosphorylation at Ser 296, 317 and 345. Therefore, we have attempted to
examine whether phosphorylation of Chkl is affected by UVR, but wc havc been unable to
identify anti-pChk1 that recognizes SpChkl. We are currently attempting to use ion exchange
purification of Chkl followed with SDS PAGE and wcstem blotting. Presumably,
nonphosphorylated Chk1 will have a very high positive charge, whereas phosphorylated Chk1
will become more negative and we may be able to separate these two forms from one another
using an ion exchange column. In addition, we have recently successfully expressed SpChk1-
His, which will allow us to perform more functional assays on effects of UVR on SpChk1.
Overall, these investigations may allow us to identify the molecular pathway between UV-
induced stress and cell cycle proteins and allow us to dcvelop molccular markers to deteet UVR-
induced damage in multiple marine organisms.
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Aim 2. Identification and quantification of MAAs in local sea urchins and red algae to screen
Sfor novel MAAs, examine mechanisms of protection and whether MAAs may act as bio-
sensors of UVR.

Previously, we demonstrated that adult S. purpuratus contain MAAs in their gonads, but that the
concentrations are highly variable among and within collection sites. Our results indicate that
some, but not all, S. purpuratus cggs contain potential photobiochemical defenses against
ultraviolet radiation. Nevertheless, the concentration of MAAs 1n ovarics of sca urchins appear to
vary within sites, indicating there may be some eftect of microhabitat which vary from burrows,
to exposed pool and south or north facing walls or proximity to specific types of algac that
dctermines whether sea urchins acquire MA As and whether embryos are protected against UVR
damagc.

During the past year a masters student conducted a more extensive investigation of
whether MAAs may vary in sea urchin gonads due to microhabitat or algal content of the sca
urchin diets to allow us to more effectively identity regions with sca urchins that have reliable
concentrations of MAAs. She sampled a variety of tissucs from sca urchins and sub-habitat
(microhabitats) typces at each site (e.g., exposed pools, burrowing undcr rocky overhang ctc.) for
MAAs. In addition, she is simultancously sampling algae from cach microhabitat and
performing algal transects on a seasonal basis to determine the availability of particular algal
types, the MAA compliments in those types of algae and whether availability and MAA
concentrations vary on a scasonal basis. These studics will also allow us to identify algac to feed
sea urchins controlled diets in the future to create batches of eggs with high or low

‘ concentrations of MA As to detecrmine whether and how MA As protect against UV-induced
molecular damage.

Bricfly, she is characterizing the types and concentrations of MA As in algal and sca
urchin tissues (epidermis and gonads) from four microhabitats that correspond to microhabitats
where we also find sea urchins (rocky intertidal areas that are north facing slopes, south facing
slopes, horizontal surfaces where sea urchins are mobilc on surfaces and horizontal surfaces
wherce sca urchins are burrowed into the rocks(=pit sea urchins)). She collected 10 dominant
algal species, 12 spceimens per species at least one from three replicatcs of cach microhabitat.
Similarly, she collected sea urchins at two sample times over the past year and tested the gonads
for MAAs. Tissucs werc cxcised, frozen at -80°C and then lyophilized. MAAs were extracted
from cqual amounts of algal samples (200 mg) using 80% mcthanol. Extracts were analyzed
using high performance liquid chromatography as described previously (2007 report). Individual
MAAs were identified and quantified using comparisons to known MAA standards prcpared by
Dr. Walter Dunlap at AIMS. We reported data for algal MAAs in our 2007 report. Analysis of
variance and general linear models used to examine whether there were differences in MAA
concentration among tissues, sexes among microhabitats and two sampling periods.

Results

Total MAA concentration per urchin tissue was significantly higher in females than in males

(Figure 5a, p<0.000), increased significantly from November to January (Fig. 5 B, p=0.023), and

was significantly higher in gonadal tissue than in epidcrmal tissue (Fig. 5C, p<0.000). A

comparison of the changes in MAA concentration in tissues among the sexcs over time shows
. that male tissuc MAA concentrations did not change from November to January while female
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tissuc MAA concentrations inereased (Fig. S5A) though the sex by month interaction was not
significant (p=0.672). Ovary MAA concentrations were higher than testcs, but epidermal MAA
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Figure 5. The mean concentration of total MAAs (+ S.D.) in S. purpuratus tissues from November
2006 to January 2007. A. Total MAAs in all tissues from females vs. Males over time and B. MAAs in
gonads vs. epidermis over time C. Total MAAs in gonads vs. Epidermis by sex.
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concentration did not differ among the sexes (Fig SB) though the scx by tissue intcraction term
was not significant (p=0.668). Comparing MAA concentrations in tissues over time shows that
the gonadal concentration incrcascd from November to January, while epidermal concentration
staycd the samc, though the interaction of month and tissue was not signifieant (p=0.074) (Fig
5C). However, when the sexes are separated, the effect of month on MAA concentration in the
different tissues varies in the female sca urchins (p=0.027) and not the males (p=0.954). In
female sea urchins there was a strong increase in MAA concentration in gonads but not in
epidcrmal MAAs from November to January (Fig Sb), while in males there was little increase in
gonadal MAA concentration and none in epidermal MAA concentration (Fig 5C).

There was a significant cffect of microhabitat on MAA coneentration in sea urchin

tissucs (p<0.000) with the pit sea urchins
having significantly lower mean MAA
concentration per tissue than the other three
microhabitats, which did not signifieantly
differ from one another (Fig 6). The cffect of
sex on MAA concentration in sea urchin
tissues differed significantly among the
microhabitats (p=0.010) and the data show
that, for females, the MAA concentration per
tissuc drops drastically in the pit microhabitat,
while in males it drops slightly (Fig 6).

Thc MAA concentration of sea urchins
in the different microhabitats was significantly
affected by tissue (p=0.044) and this
relationship becomes more obvious when
considering the sexes separately. In femalcs,
therc is no signifieant effect of tissuc on MAA
levels among the urchins in different
mierohabitats (p=0.990), while in males this

Mean MAA concentraton per urchin tissue (nmol mgdrywt.”)

onpit P South Facimg North Facing

Microhabitat

Figure 6. Mean (+S.E.) concentration of total
MAAs in sea urchin tissues by sex among
various microhabitats at Avila Beach Jetty,
Avila Beach, CA. Individual letters indicate
significant differences in MAA concentration
among sample groups.
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‘ effect is highly significant (p<0.000). In females, mean gonadal MAA conccntration is higher
than epidermal concentration in every microhabitat, and both mcan concentrations for both
tissues are reduccd in the

pit urchins (Fig 7a). Females Males
However, in malc sca &
hins the mcan gonadal s 2 —pr z
e Bor € L2 1 b § [Eeer]
MAA concentration 1§ S s a 2 . Wi Gonag
higher than the mcan < £
epidermal MAA g i g
concentration in the 5 b g
shadier South facing, - $ol,. .
North facing and Pit g BT 1 |gane ¥ = o
0 . . o d = = de e
microhabitats, but is g g .jﬂ ﬂ
]()wer 1n thc hlgh el Nonpil Pn' Soum'?ang North tacing Nonprt p-n sl,.,m.v.(m North facng
Ty Microhabitat Microhabitat
. i p Figure 7. Mean (+S.E.) concentration of total MAAs in sea urchin
microhabitat (Fig 7b). tissues by sex and tissue types among various microhabitats at
The rclative amount | Avila Beach Jetty, Avila Beach, CA. Individual letters indicate
Gt st MAAs significant differences in MAA concentration among sample groups.

within the tissucs among
thc scxes was variable (Fig 8). The mean shinorine concentration (+ S.E.) was highcest in ovarics
and in epidcrmal tissues for females and males (53.6 + 28.9%, 72.8 + 21.8% and 63.2+ 28.9%,
respectivcly) followed by palythine (38.4 + 31.4%, 19.8 + 22.9% and 29.5 + 29.3%,

’ respectivcly). Palythine and shinorine wcre the principal MAAs found in testes with palythine
accounting for 88.4 + 13.7% and shinorinc only .
10.8 + 13.1%. Ovarics had a significantly higher i

S ) m Palythene
rclative amount of mycosporine-glycine than testes s, D
and epidermal tissues (p<0.000). Testes had a st
60% glycine

significantly higher amount of palythine than

% of Total MAAs

50% 8 -Mycosponne
ovaries and cpidcrmal tissues (p<0.000) but had a0 SR
significantly lower amounts of mycosporine . ® Palytune

glycine (p<0.032), shinorine (p<0.000), porphyra- = Shinonne

334 (p<0.000) and asterina-330 (p<0.000).
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Conclusions @ ¥
Tissue Type
o e = =
We have firmly egabhshed that S. purpuratus Figure 8. Percent of individual MAAs in
contain MAAs in their tissues. Nevertheless, the tissues of S. purpuratus types varied
concentration can be highly variable. Our results significantly.

demonstratc that microhabitat can influence that
concentration of MAAs in tissues. In addition, the tissuc typc and sex of sea urchins also affect
the concentration of MAAs. MAAs tend to be higher in ovaries than testcs (as we predicted),
whcreas the MAAs concentration of MAASs in the epidermis does not vary by sex. Overall,
concentrations of MAA are higher in gonads that epidermis, but this trend appears to change
with males in some microhabitats. Sea urchins that burrow in pits tended to have lowcr
concentrations of MAAs than those sea urchins that tend to move more freely, which could allow
’ us to more reliably identify which urchins have high or low concentrations of MA As in their
eggs for future studics. Neverthcless, the sea urchins that are burrowed in pits tend to be smaller
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overall and have lower gonadal indexes, implying that their nutritional status is weaker than
other sea urchins and that such comparisons may have additional confounding factors other than
just MAAs. Our results indicate that we will need to rear sea urchins on eontrolled diets of algae
with or with out MAAS to obtain more reliable populations of embryos to examine the functional
role of MAAs.

This past year, we initiated a long term study rearing sea urchins on controlled diets that
are cither MAA-rich or MAA-poor to identify whether MAA coneentration of eggs can be
enhanced or at least ereate a more reliable MAA conecentration gradient. We plan to utilize the
embryos of these populations of sea urchins with variable coneentrations of MAAS to examine
the role of MA As as natural sunsereens and examine whether they protect against the molecular
targets deseribed in Aim 1.

USE OF FUNDS

Funds were used to purchase materials and supplies, pay for travel for students to two
seientific meetings, provide release time for the Pl, and provide assistantships for two graduate
students, Sarah Strickler (Chk1) and Sarah Gravem (MAAs) and two undergraduate students.
Thesce students have presented these results at loeal seientific meetings in posters or oral
presentations. We will present these results at further scientifie meetings and publish results from
this work in refereed journals with students as co-authors on these papers. In addition, these data
will be used to provide a foundation for future work and grant proposals to eontinue this work
that will be submitted to the National Seienee Foundation or the National Institutes of Health.
Additional funding was provided to help build the aquaria for experiments rearing sea urchins on
controlled algal diets at our CCMS. We appreciate this funding opportunity.
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‘ C*RP Final Report, March 2008

The primary objeetives of the 2007-2008 C’RP project have been to:

e Develop HFSS eomputer models of metamaterial struetures

e Develop physieal metamaterial prototypes verified through measurements taken in the Cal
Poly Anechoie Chamber

¢ Develop eomputer model of human head and oral eavity for intraoral sensor simulations.

e Develop an Electromagnetiec Compatibility (EMC) radiated emissions ehamber and establish
testing eapabilitics

e Characterize the EMC ehamber and aceompanying instrumentation; earry out radiated
emissions testing on actual systems

Metamaterials Development

The development of HFSS simulation models for metamaterials has been established for split
ring resonators (SRR and eapaeitively loaded strips (CLS) as detailed in [[-3]. Both planar (Fig. 1)
'

\

~
Fig. 1: Unit Cell, Planar MetaMaterial HFSS Model

and tri-planar models (Fig. 2) have been developed and simulation results eompared.

Fig. 2: Unit Cell, Tri-Planar MetaMaterial HFSS Model

i
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The planar modcl (Fig. 1) is composcd of a box filled with 5880 Duroid (g, = 2.2) or FR4 with
(X, Yy, z) dimensions of (0.210, 0.756, 0.156 inches). S-parameters are calculated as a function of
frequency with the goal of S| — o dB and |S;;| — 0dB to yield a doublc negative material
[Re(e) <0, Re(p) < 0] response. Fig. 3 below illustrates the S-paramcter response for the plunar case

(Fig. 1).

XY Plot 1 HES5Desgn

F18a 1GHz!

Fig. 3: S-Parameter Response, Planar MetaMaterial HESS Model

This response indicates double negative properties (/S| = -4dB and |S,;| = -10dB) at the target
frequency of SGHz. To determine if the tri-planar structure yields an improvement in performance,
the same mcasurcment was performed: sce Fig. 4 below.
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Fig. 4: S-Parameter Response. Tri-Planar MetaMaterial HFSS Model

This response also indicates double negative properties (|S;| = -18.5dB and |Sy;| = -0.05dB), but
at a frequency of 6.325GHz. Material dimensions can be scaled to obtain these characteristics at the
target frequency (SGHz). Additional simulations are currently underway to characterize negative
matcrial characteristics with respect to unit cell geometries. To allow fabrication, simulation models
align with materials (Roger’s Duroid and FR-4) available from substrate manufacturers.

To detect negative index material characteristies, a prism structurc of metamaterial unit cells [4]
will be fabricated: sec Fig. 5 below.
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Fig. 5: Prism Geometry, MetaMaterial HFSS Model (left), Expected Ray Paths (right) [4]
Ineident radiation will be applicd at the x = 13em plane at normal incidenee (along the x-axis),

while transmitted radiation will be measured as a funetion of angle (xy-plane) on both sides of the
normal (at expected refractcd angles) to verify ncgative index material performance.

Biological System (Intraoral Sensor) Development

eompany and hence was abandoned in favor of the design and eonstruction of the EMC
(electromagnetic compatibility) radiated emissions chamber.

‘ It was diseovered that the proposed intraoral sensor has already been developed by a research

EMC (Electromagnetic Compatibility) Radiated Emissions Chamber Development

The devclopment and construction of the EMC radiated emissions ehamber [5-7] involved the
following components
e cxtension of external copper mesh frame: 14°’L x 9°W x 7.5’H to 16’L x 9°W x 9’H
e design and construetion of internal 27 x 4” support structurc (for ferrite tiles)
¢ nstallation of 0.5” plywood — 26 AWG sheet metal — 0.5” plywood mounting surface for
ferrite tiles
ferrite tile (47 x 4 x 0.25” thiek) installation: 6006 tiles
connector panel door: allows cable entry through chamber wall
chamber door design: tile design around main entry
turntable and motor speeification
e probe antenna specification and acquisition
e spectrum analyzer, softwarc-controlled, specification and acquisition

To accommodate test articlcs with maximum dimensions 18” L x 18 W x 6” H, the chamber
was extended in length by 4ft and in height by 1ft: see Fig. 6 bclow [8].
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Al

Fig. 6: EMC Sereen Room Expansion: Note new panel onlright, 11t .h.eight extension panels

Once the sereen room was eomplete, RF (radio frequeney) isolation was eharacterized to
determine attenuation levels from outside to inside the newly-renovated ehamber: see Fig. 7 below.

Fig. 7: EMC Sereen Room Isolation Test

The worst-case measured isolation is 19dB at 1 GHz, while the best-case is 64dB at [00MHz.
Between these frequeney limits, the average attenuation is approximately 30dB. Since commercial
ehambers have minimum isolation levels of 90dB to 100dB, additional measures to inerease
isolation will be employed ineluding the installation of fingerstoek to both sides of the door jamb
‘ and patching holes in the eopper mesh. The addition of steel sheet metal between plywood layers
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should improve isolation values taken without the support strueture. Results will be reported in a

‘ subsequent report.

[n conjunction with the sereen room expansion, a wooden support strueture was developed to
accommodate a plywood structure (plywood - sheet metal - plywood) upon which ferrite tiles will be
mounted: see Fig. 8 below.

‘ Fig. 8: Ferrite Tile Support Structure inside EMC Screen Room

To support the plywood sandwich structure mounted on the ceiling, vertically placed 2™ x 67
boards were installed across the double-stacked 27 x 4" top layer: see Fig. 9 below.
— TR e

"(l:m_,‘% o

Mo,

Fig. 9: Ferrite Tile Support Structure inside EMC Sereen Room: 2 x 6” Ceiling Joists
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To maximize absorption in the UHF frequency range, a plywood-sheet metal-plywood (' inch
‘ thick plywood) structurc was installed onto the support frame: see Fig. 10 bclow.

Fig. 10: Plywood — Shcet Metal — Plywood (%% inch thick) Sandwich Structure

With the mounting structurc in place, ferrite tiles (47 x 47 x V4 thick cach) are attached to the
' structure with galvanizcd stecl screws: see Fig. 11 below.

Fig. 11: Ferrite Tile Installation

Through C'RP/ONR support, a total of 6,006 ferrite tiles (143 boxes, 42 tiles/box) [8. p. 107]
were purchased from Samwha Corporation, in addition to 6,006 plastic inserts and mounting
hardware. The chamber 1s currcntly under construction (see Fig. 12 below).
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Fig. 12: Ferrite Tile Installation; Ceiling, Back, and Sidc Walls

A turntable, stepper motor, and angular position control system will also be designed and
implemented inside thc new chambcr to enable radiated emissions mcasurcments as a function of
angular direction from the equipment under test (EUT). A eardboard eutout indicating the size of the

‘ proposed turntable and required loeation on the chamber floor is shown in Fig. 13 below.

Fig. 13: Turntable Size and Location Relative to Front Wall

Sinee the motor must be located outside thc ehamber, two holes for the belt drivc must be
cstablished through the screen room wall, and plywood-sheet metal and ferrite tilc layers.
Techniques to minimize the impact to isolation and tile absorption performance will be cxamined
and thc optimum method or eombination employed.
The chambcr will undergo characterization testing to compare radiated emissions performance
against pre-compliancc rcquirements, including isolation. Adjustments (isolation tcchniqucs
‘ mentioned above) will then be applied to improve overall performance.
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ABSTRACT

Boundary layer structures caused by red tides and
strong weather events in the ocean are measured using a
LIDAR system, in parallel with an optical water-
column profiler in San Luis Obispo Bay, California.
Our data clearly reveals stark optical differences and
layering structure in sea-water during red tide events,
versus that during a clear tide. We also discuss data
that reveals information about scdiment motion in the
water. Both this LIDAR project and the optical profiler
were funded by C3RP, demonstrating a successful
mating between separatc C3RP efforts. We bcheve
these efforts are consistent with ONR’s goal of remote
sensing at a safe distance.

1. BACKGROUND

Califorma Polytechnic State University runs a marine
rescarch center, consisting of a | kim pier at San Luis
Obispo Bay, CA, which on the central California coast,
approximatcly midway between Los Angeles and San
Francisco. The picr extends over San Luis Obispo Bay,
and is south-facing, so the usual mixing due to coastal
storms is limited to mainly southern storms, which are
less common for the California coast. This makes Avila
Bay unique in that the water is relatively calm and
changes occur over longer periods of timc. We have
installed a LIDAR facility at the end of this pier, and
are able to optically access an approximately 30 ft deep
walcr column of open ocean water.

2.  LIDARIN SAN LUIS OBISPO BAY

A 532 nm, 1 Watt YAG Laser, with a repetition rate of
20Hz is used as the LIDAR source. The laser is
stationed at the pier, 1 km from the coast, directly over
the open ocean. The laser is housed inside a control
room and we are able to direct the beam out of this
room, vertically into the water below. A single photon
dctector, prefixed by a narrow bandpass 532 nm filter,
faces straight down, capturing photons scattered from
the down welling laser beam. With the arrival of each
photon, the detector provides timing pulses to a multi-
stop, picosecond time analyzer (PTA), to capture the
return times of photons relative to the nitial laser shot
to within an event-to-event resolution of 5 picoseconds.
With this timing precision, subsurface features can be
classified to within centimeters. Naturally, any
concentrated particulate matter in the water will cause
the laser light to scatter, some back to the photon
dctector. Of interest in this work is that several times a
year, substantial layering occurs in the bay due to a “red
tide” condition, when there 1s an increase in the number
of algae near the surface. During this condition, the

ocean water turns noticeably red or brown. Our current
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LIDAR research focuses on these cvents.  Using an
optical profiler in  parallel with our LIDAR
measurements, we also collect visible hght samples
down to a depth of ~25 fecet. The profiler is an
automated device that slowly lowers an upward-looking
fiber optic cable into the occan watcr. Light collected
by the fiber is spectrally analyzed betwecn 400 and 700
nm in increments of 1 nm, and logged at the collection
depth. Data showing intensity collected at a particular
wavelength, at a particular depth are shown below in
Figures | and 2. Figure | was obtained during a red tide
event on 11/15/2007 at 11:46am PST and 2b was taken
during a clear tide on 11/17/2007 at 10:37am PST. The
two data have sharply contrasting fcatures. In
particular, notice how abruptly the mntensity of the
signal drops across the entire visible spectrum during a
red tide. In contrast, the clear tide graph shows a more
moderate decrease with depth.

Desth «feat

Figure 1: Spectra of light samples at depths from 0
to 25 ft during a red-tide event.
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Figure 2: Spectra of light samples at depths from 0
to 25 ft during a clear-tide.

The optical profiler 1s useful in understanding how the
LIDAR radiation, at 532 nm, interacts with the
constantly changing optical characteristics of the sea
waler. By extracting intensity-versus-depth data from
the plots in Figures 1 and 2 at 532 nm, for mstance, we
are able to obtain the instantaneous attenuation
coefficient at the laser wavelength. These extractions
arc shown in Figure 3.  As shown, the intensity of 532
nm light drops by 90% within the first 5 feet during a
red-tide condition, requiring 25 feet to achieve this
during a clear-tide.

Red Tide vs Clear Tide

S50 Profile at 532nm
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Figure 3: Intensity of 532 nm radiation as a function
of depth, as extracted from Figures 1 and 2.

Attenuation of hght in sea-water 18 known to be
approximately exponential, so we apply a negative
exponential curve fit, y = Ae' ™) + B. We find the B
cocfficient for the red tide data to be 0.5357/ft and
0.1617/ft for the clear tide. These are essentially the
attenuation coefficients in both red and clear tide
conditions, at 532 nm. The data observed under the
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same conditions by the LIDAR system (i.e. the arrival
time of the returned photons) is shown below 1n Figure
4. In this Figure, the red curve was data taken during a
red-tide event and the blue curve was for data taken
during a clear tide.

Lidar Data: Red Tide vs. Clear Tide
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Figure 4: Return time of photons taken for laser
shots over a one hour time span during red and
clear tides.

Independent of water color, all of our LIDAR data
shows a strong surface reflection at ~98ns. (There is no
absolute significance to this time; it merely means that
it takes 98 ns from the time the PTA 1s told to start its
timing cycle for retlected surface photons to arrive
back to our detector. ) This surface reflection is not of
immediate interest in this work, but sets the earliest
time we expect to see photons arrive at our detector that
interacted with the ocean water (it is a useful “time
beacon”). Features plotted in red to right of this surface
reflection (between 110 and 130 ns) were produced by
the algae present during an intcnse red-tide cvent. In
this case, the algae congregated close to the surface
(within the first 10 to 5 feet) and presented the laser
beam with a considerable scattering target. This feature
is absent during a clear tide. The broad peak centercd
at 178 ns comes from the photons reflected from the
ocean floor, and only appears during a clear tide (that
is, it does not appear during a red-tide event). This
indicates that the near-surface layer during a red-tide
prohibits adequate light penetration to the sea-bottom.

An important observation to draw from Figure 4 is the
fact that there are multiple features at different depths.
This shows the power of LIDAR to charactenize the
water column below the laser. In a single data run
(lasting about an hour) we obtain information about the
surface, bottom, and the intervening water column, The
system can measure multiple layers becausc ot the
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sensitivity of the dctection and the high resolution of
the iming system.

We further probe red tides with the LIDAR system by
way of a retro reflector, which is a shiny metallic disc
that can be manually lowered to any depths visited by
the LIDAR beam, strongly reflecting laser light back
toward the detector. Reflected photon intensity as a
function of reflector depth during a red-tide event is
shown in Figure 5.

Retro Reflector
Intensity vs. Depth

. -

Number of Counts
" i

3

8 5 0 11 12 13 14 15
Depth Below Water Surface (ft)

Figure 5: Laser pulse intensity reflected from a
retro-reflector held at a given depth below the ocean
surface,.

This data shows a somewhat constant reflected laser
intensity between 8 and 10 feet below the ocean
surface. Between 10 and 13 feet, an abrupt drop in
rcflected laser intensity occurs, followed by an “elbow™
at 13 ft, again returning a near constant intensity
between 13 and 15 ft.

This data indicates relatively clear water to a depth of
10 feet, followed by a large amount of attenuation,
presumably due to the algae bloom. The key feature is
the sharp “elbow™ at a depth of 13 ft, which we have
observed for several different red tide events. We
believe this coincides with the depth of the deepest
algae boundary of the red-tide bloom. The laser
intensity drops off quickly as a function of depth in the
bloom (between 10 and 13 feet) until the retro reflector
passes out of the layer and into clear water beneath the
boundary. Thus we are able to use our LIDAR
apparatus to estimate the height of a red-tide layer: in
this case, an approximate 3-4 ft layer existed.

3. PARTICULATE LAYERING

The dynamic optical naturc of the sea-water means that
it 1s rare to see the same structures in the LIDAR return
data over the short term (day by day). However, we are
starting to see trends over longer periods of time. For
instance, during calm winds fewer bottom-return

P.1.: Susan C. Opava, Ph.D.

photons are detected, comparcd times when the average
wind speed increases to betwcen 10 and 20 wm/s. The
wind appears to play a strong role m water mixing,
leaving the water murky and “thick™ in appearance
when calm, and clearer and more “stirred” when strong.

As mentioncd, our data always shows the strong surface
reflection peak and another from bottom-retlected
photons (if enough light can penctrate to the bottom and
back). At other times though, we see multiple peaks
throughout the water column, during clear watcer (not a
red-tide condition) as shown in Figure 5. As verified
visually with a video cquipped remote operated
underwater vehicle (ROV), the wind-driven currents
appear to move localized sand laycrs in directions that
are parallel to the sea-floor. These sand-layers provide
ample scattering targets for the downwelling LIDAR
pulse, sending a strong photon return signal back to the
detector. Such a “sand storm™ is shown n Figure 6.

g
G5 3@7H8+0 CA-35 11SEPO7
_@011.3MS 100 23:31:25

Figure 6: Figure 6: A sand layer oberserved at a

depth of approximately S m below the surface.

We note that with the ROV, the water was clear both
above and below this sand-laycr, indicating some
localization of the sediment transport. which is
consistent with the localization of the features scen in
the LIDAR return data in Figure 5 between 120 and 140
ns. The feature between 180 and 220 ns is a bottom
reflection. The large width indicates substantial
sediment motion near the ocean bottom, whcre
presumably the wave energy ultimately gets deposited
as they approach the coast.
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Multi Layering in Ocean Water
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Figure 7: Layering due to particulates during windy
(20 m/s) conditions.

4. CONCLUSIONS

Our LIDAR system coupled with an optical profiler has
been used compare and contrast red versus clear sea-
water conditions, from which we are able to extract red-
tide layering depths and positions. Work continues that
reveals current-driven sand events in a water column
and sediment transport at the sea floor and at
intermediate layers.

5. STUDENTS AND PRESENTATIONS

This work has resulted in senior projects and research
work for the following undergraduate physics majors:
Dov Rohan (’06), Chris Seck (’09) Derek Smith ("08),
Collin Rodriquez (’08), Brenton Campbell ("06) and
Brian Neft ("07).

The work was presented at the December 2007
meeting of the American Geophysical Union meeting in
San Francisco, and at an American Physical Society
meeting at UC Berkeley in November of 2007. A final
presentation will be given on the International Laser
Radar Conference in Boulder, CO, June 23-27, 2008.
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Background: Original Project Objectives

The overall objective of this project was to dcvelop techniques for creating complex, three-
dimensional scaffolds supporting growth of functional mammary epithclial cells in-vitro.
Mammary cell function is of intcrest from a fundamental cell biology perspective, but is also of
potential commercial and strategic interest due to thc potent secretory potential of this cell type.
Sccondly, the development of the tissue scaffold itsclf may be of commecrcial or stratcgic interest
for tissuc cngineering applications.

The spccific aims of the current funding cycle werc threce-fold:
e Dcfine thc optimal chemical (hormonc) environment to promotc maximal sccretory
potential in the MAC-T cell line that wc are using in this bioreactor projcct.

o Compare the secretory activity (milk fat globules, protcins) and cxpression of lactation-
specific gene products (mRNA, protein) of MAC-T cells grown on a conventional
surface to those grown in the proprietary environment developed through this project.

e Expand the substrate development to include multiple micro- and macro-structural
modifications and assess influences on cell function.

Summary of Project Qutcomes

1. Additional funding from the California Agricultural Research Initiative (ARI) that has
matched the funding acquired from thc ONR (totaling ~§120,000) for continucd work on
thc proteomic response of cells grown using the methodology devcloped herein.

2. Identification of previously unknown cffects of hormonal trcatments that influence
mammary epithelial cell lipid distribution (manuscript in preparation for the pecr-
reviewced Journal of Dairy Science). (Objective 1)

3. Devclopment and characterization of a potentially proprictary three-dimensional system
for growth of secretory cells that may promote increased secretory activity as well as an
increased ease of purification of secretory products. (Objective 2)

4. Devclopment of potentially proprictary methodology for construction of novel

cxtracellular matrices for support of tissue engineering applications, including but not
limited to secretory cells. (Objective 3)

Results: Objective 1

The main limitation on secretory potential in the MAC-T cell line is the secretion of lipid
droplets. Therc has been no description in the literature of secretion of lipids from a mammary
epithelial cell line, and this may be a valuable and unique feature of this system, as well as of
interest in terms of understanding basic secretory cell biology. As such, we investigated the
synthesis of neutral lipid (NPL) in MAC-T cells which is only synthesized for the purposc of
cventual secretion. MAC-T cells were grown on flat plastic surfaces as a baseline for
comparison of hormonal influences alone. Ina 3 x 3 factorial arrangement, the eftect of growth
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hormone (GH; 0, 10, 100 ng/ml), and prolactin (PRL; 0, 5, 10 pg/ml) on the lipid composition of
MAC-T was examined using thin layer ehromatography. GH had a significant efteet on the
proportion of NPL, cholesterol, phosphatidyleholine (PC), phosphatidylinostitol (P1), and
sphingomyelin (SM) (table 1). Only the proportion of SM was aftected by PRL eoneentration.
The interaction between GH and PRL treatments was not significant. The relationships between
the different lipid elasses and hormone treatments appeared to be complex. In partieular, the
proportion of NPL was highest in response to the 10 ng/ml GH, while 100 ng/ml GH led to
intermediate levels.

GH (ng/ml) 0 10 100
PRL (ug/ml) 0o | 5 J10] o] 5 {10] o | 5 | 10 | Effect | SEM
NPL 11.07 1013 1122 1719 18,57 1866 1500 1213 13.04 GH 0.76
Cholesterol 2115 18.79 19.77 2528 2445 2411 2480 2363 2421 GH 0.69
PE 6.65 6.97 6.57 7.05 6.74 6.43 5.84 6.75 7.18 0.20
PC + PI 6.98 7.28 7.10 6.34 5.97 598 5.24 5.52 6.34 GH 0.20
Unknown 2 1096 9.61 1076 7.14 7.19 6.36 6.53 7.79 6.95 0.55
SM (0.141) 2445 2429 2410 2516 2460 2532 2140 2258 2202 0.77
SM (0.077) 6.61 13.35 8.58 3.67 3.69 3.90 946 1180 1145 | GHPRL | 0.26
SM (Combined) | 31.07 3764 3268 2883 28293 2922 30.86 3438 3347 GH 0.64
Unknown 1 547 4.27 5.07 2.60 2.81 2.90 5.44 4.98 4.41 GH 0.30
Origin 6.95 5:32 6.84 5.58 5.97 6.34 6.30 4.82 4.41 0.80

Table 1. The mean percentages of all lipid fractions across all treatments are presented. The
standard error of the means (SEM) for each lipid fraction across all treatments was also
caleulated. The GLM was used to analyze the effect of GH, PRL and the interaction between
GH and PRL on the pereentage of each lipid fraction within each sample. The dependent
variables that had a significant effeet on the pereentage of each lipid fraction are shown. GH
coneentration had a signifieant effect (p < 0.05) on the proportion of NPL, eholesterol, PC+PI,
SM (0.077), SM (ecombined). PRL, had a signifieant effect on SM (0.077). The interaction
between the GH and PRL did not have a significant effeet on any of the lipid fractions.

Continued work 1s aimed at defining the proteomie response (effeects on global protein
expression) of mammary epithelial eells to the different hormone treatments previously
deseribed. To date, we have identified proteins expressed in MAC-T cells as well as those
present in the media, and are eurrently developing methodology to identify alterations due to
treatment (hormonal or physical in nature) by two-dimensional gel electrophoresis (supported
by ARI funding).

Results: Objective 2

Our nitial attempts at growing eells in the environments developed as part of this projeet have
met with mixed sueeess. The exaet nature of the environment will not be deseribed in detail due
to their potential proprietary nature. Initial results have shown the environment to be
biologically compatible, leading to cell habitation and proliferation (see Figure 2), though not to
the extent that was expected.
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Figure 1. MAC-T cells grown on extracellular matrix developed in this project. A: cclls grown
on material in simple geometry as a proof of eoneept. B: eells grown on material in initial
complex gcometry targeted for further development.

Based on our trials, the limitation of the biomaterial developed in this projcct is not related to it’s
chemical structure, as cell proliferation is not limited in comparison to growth on tlat plastic
(Figure 1A). However, when grown in eomplex three-dimensional cnvironments (Figure 1B),
eells were of limited proliferative capaeity (data not shown). Possible limitations of thc substrate
were postulated to include permeability characteristics of the material itself. As such, we
engaged in analysis of the permeability of the material to complex biological molecules such as
protcins. This investigation has led us to systematically investigate thc permeability of the
material with respeet to eomplex protein mixtures.

Results have indieated that different formulations of thc biomatcrial have drastieally different
permcabilities for different proteins (Figure 2). Interestingly, these differenees do not scem to be
rclatcd only to protein size, as some larger proteins diffuscd readily, while some smaller proteins
diffused to a mueh lesser extent over a 24h period. The nature of and basis for these ditfcrenees
arc currently being explored as part of the ARI-funded project. Further understanding of thcse
permeability characteristics is expected to yield a greater understanding of thc biocompatibility
of the matcrial developed.
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(8]

Formulation A Formulation B Formulation C  Formulation D

Figure 2. Permeability trial for different formulations of extracellular matrix biomaterial.
Protcin mixturc was separatcd from water by the biomaterial formulations A-D and allowed to
diffusc for 24 hours and then separated by size (smaller at the bottom, larger at the top). D
denotes the donor ehamber, while R denotes the reeeiving chamber. Arrows indicate proteins
that diffused to differcnt cxtents dependent on matrix formulation.

Results: Objective 3

Dctailed descriptions of our progress on Objective 3 will be excluded from this rcport, as they
are proprietary in nature. Briefly, additional three-dimensional structures are being explored, as
well as novel means of introducing eclls to these structurcs, and are being analyzed for their
effeets on eell survival, cell morphology, and cell-cell interactions. The effects of multiple cell
types in a given cnvironment are also being explored as we continue to investigate the
biocompatibility of the developed matenial.

Conclusions

Overall, this projcct has led to new information pertaining to hormonal influcnces on seerctory
eell funetion, and this work is continuing under funding from the CSU Agricultural Resecarch
Initiative. This project has also led to the development of a novel cell culture environment that
has proved to be biocompatible, and analysis of the molecular properties of the material is in
progress. Finally, novel complex environments for cell growth continue to be developed in the
interest of defining physical influences on tissue growth and funetion in artificial environments.
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Executive Summary:
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Figure i: (a) This picture shows the packaged Sampled Grating Distributed Bragg Reflector

Laser that was designed for LIDAR and OCT applications. Part (b) shows the optical and

electronic hardware used to interface to the laser for LIDAR signal processing.

1. For the first phase of this project we assembled a LIDAR/OCT system utilizing the SGDBR
laser as pictured in figure A. Initial LIDAR and OCT results were obtained. Initial resuits

were presented at the BIOS 2008 conference in San Jose, CA.
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Figure B: This photograph shows an experimental set up used to measure the

characteristics of a MEMS based optical beam steering mirror.

‘ 2. We investigated a MEMSs steering mirror for steering the optical beam in LIDAR
applications. Figure B illustrates the assembly that was built and tested. The technology
looks promising but several device anomalies like hysteresis make the electronic drive control

much more complicated for LIDAR applications.

This work was sponsored by the Department of the Navy, Office of Naval Research,

under Award # N00014-06-1-1111.

Major Sections in the Report

1. Overview of Project Definition: The first section of the report quickly
reviews what was being proposed in this project in January of 2007.

2. SGDBR Lasers and Their Wavelength Tuning: The second section of the
report goes through a detailed study of the SGDBR laser and how it can be
used to construct the linear wavelength ramp needed for chirped radar and

Optical Coherence Tomography (OCT) applications.
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‘ 3. MEMs Beam Steering: The final section of the report covers an evaluation of

a MEMS steering mirror that could be used for beam steering.

1. Overview of the Project Definition

LIDAR (Light Detection and Ranging) system architectures and applications that are
enabled by single-chip wavelength tunable lasers will be developed in the proposed
work. These new single chip lasers are unique in that wide-wavelength tunability (60 nm
at 1550 nm center wavelength), high-speed frequency switching times (1ns), and high-
speed amplitude modulation (5 GHz) functions are all integrated on the same
semiconductor chip. The goal of this work is to adapt these lasers for applications in
LIDAR and OCT. The first stage of proposed research (the subject of this proposal) is to
find architectural solutions that utilize the strengths of this laser class and mitigate their

weaknesses (table 2 below).

‘ 2. SGDBR Lasers and Their Wavelength

Tuning:

The application of Sample Grating Distributed Bragg Reflector (SG-DBR) lasers in
Optical Coherence Tomography (OCT) and LIDAR applications is explored.
Specifically, this report involves using SG-DBR lasers to improve upon the source
component of current LIDAR and OCT architectures. The report investigates the
Chirped Laser Architecture and making changes to the architecture to accommodate
an SG-DBR laser.

This report involved investigating SG-DBR lasers. More specifically, it investigated
the tuning characteristics of the Agility 1107 CW SG-DBR Widely Tunable Laser
(Agility 1107) and its applicability as a LIDAR/OCT system source. After investing
SG-DBR lasers, the report concentrates on developing an open-loop tuning

algorithm using the Agility 1107 SGDBR laser in a custom developed package.

Aspects such as repeatability and hysteresis are discussed in strategies for open-
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' loop tuning. Developing the tuning algorithm involved overcoming particular device
hurdles. Specifically, the report addressed the wavelength repeatability of the device
when overcoming hysteresis.

Finally, the report tested the architecture employing SG-DBR lasers and proved that
the laser can be used in LIDAR/OCT applications. Using a fiber as a test device, the

systems function was verified by obtaining a linear change in phase and a constant

magnitude.
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CHAPTER 1 Introduction

1.1 Overall Objective

This report presents an open-loop tuning method for Sampled-Grating Distributed
Bragg Reflector (SG-DBR) Widely Tunable Lasers to be used in Optical Coherence
Tomography (OCT) and LIDAR. To orient the reader on this overall objective it will

be dissected into its individual parts.

The first section of this report will orient the reader on OCT techniques and
applications. OCT is a noninvasive tomographic imaging method. Due to the nature
of the wavelengths involved in OCT, the imaging method has been proven useful in
imaging micro-particles like organic tissue and glucose [1]. This report will address
improvements which can be made on current OCT technology by improving upon the

source component of current OCT architectures.

The second section of this report will describe a new type of widely tunable single
chip laser called the SG-DBR laser. This laser is new to the market and was
originally intended for telecommunications applications. After a detailed discussion
on the workings of the SG-DBR laser, the report will outline why this laser could be
so valuable in OCT applications. Like any new potential solution this will offer
advantages and disadvantages compared to other OCT sources. The discussion

presented in this report will address both the pros and cons of the solution.

This report will concentrate on several features of the laser source in an OCT

architecture, particularly, its fast wavelength switching capabilities. This report
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‘ presents an open-loop tuning algorithm which allows a system to take advantage of

the fast wavelength switching characteristics of the SG-DBR laser.

In the process of developing a tuning algorithm several problems were encountered
due to the nature of the laser. This report presents a solution to these problems in

the process of developing an open-loop tuning algorithm.

Finally, the OCT measurement technique will be demonstrated using the SG-DBR
laser as the source component. Overall, this report should show the feasibility of

using SG-DBR lasers as the source component of an OCT system and improve on

current OCT technology.




ONR Grant No. N0OO4-06-1-1111 P.L.: Susan C. Opava, Ph.D.

‘ CHAPTER 2 Optical Coherence Tomography

2.1 What is Optical Coherence Tomography?

Optical Coherence Tomography (OCT) is an imaging technique that produces cross
sectional images based off information from optical reflectivity. It is based on the
principle of low-coherence interferometry where distance information concerning
various micro-structures is extracted from time delays of reflected signals. An OCT

system functions similarly to a time-domain reflectometer [2].

The OCT imaging technique can be used to obtain high-resolution cross-sectional
images within both transparent and semi-transparent environments such as organic
tissue and thin films [3]. OCT has various uses beyond cross-sectional imaging such

‘ as glucose monitoring [1]. The main benefit of OCT is that it is noninvasive. An
informative high-resolution image of organic tissue can be obtained and analyzed
without surgical procedure, making the technique very appealing in medical

practices.

Figure 2.1 - An example of an OCT image taken by Thor Labs. (a) The picture to the left shows a human

finger print. (b) The picture to the right shows an OCT image of the human finger print.
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‘ Figure 2.1 (a) shows an example device under test (human fingerprint). Figure 2.1
(b) shows an example of the high resolution image which can be obtained using
OCT. Notice the level of detail of the finger print in Figure 2.1 (b). Since OCT can be
performed using wavelengths within the near IR Band (1200nm — 1600nm), it is
capable of penetrating millimeters into the skin and capable of resolving objects on
the micrometer scale [2,14].
OCT is a form of Optical Vector Network Analysis (OVNA). OVNA refers to
measurement of both the magnitude and phase response of a device under test.
Unlike a scalar analysis which measures only magnitude response, vector analysis
includes signal delay information with magnitude and phase allowing for both

magnitude and range measurements. Figure 2.1 illustrates the function of an OVNA

&
@
Recieved Signal ;
Source! € = -
Receiver | 2
Incident Signal Tne

Twne Domain

(a) Basic Measurment System (b) Incident Signal

system.

‘§ 'er:::f:m
R 3
%
& &
Frequency Teme
Frequency Dcmam Twne Domain
(c) Received Signal (d) Transformed Signal

Figure 2.2 - The OVNA measurement system. (a) The basic OVNA measurement system consists of a
source/receiver and device under test (DUT). (b) Incident signal used from source is a linear ramp of
frequency versus time. (c) The received signal contains both magnitude and phase data. (d) Transformed

magnitude and phase data yields a time domain response.
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In Figure 2.2 (a) the source radiates a device under test (DUT) with a specified
signal. In the case in Figure 2.2 (a) a linear ramp of frequency versus time is used
and is shown in Figure 2.2 (b). The receiver then collects the signal reflected from
the DUT. The receiver collects both the magnitude and phase data of the reflected
signal, this is shown in Figure 2.2 (c). The magnitude and phase data in frequency
domain can be converted into the time domain via the Inverse Fourier Transform.
Performing the transform yields Figure 2.2 (d). The example in Figure 2.2 shows how
measurements in the frequency domain can yield information in the time domain.
2.2 Why OCT?
OCT frequencies range from that of visible light all the way down to 200 THz. It's
been shown that these frequencies are useful in the imaging of organic tissue such
‘ as skin [17]. These frequencies do not ionize atoms as do x-rays, and therefore
leave tissue unharmed. The noninvasive nature of the measurement scheme makes
it a fast low cost alternative to x-rays or CAT scans in specific medical applications.
However, the limitations to OCT in medical applications when compared to x-rays or
CAT scans is the penetration depth [2].
2.3 OCT Architectures
There are two main measurement architectures used in OCT applications: White
Light Interferometry and the Chirped Laser Technique.
2.3.1 White Light Interferometry
White Light Interferometry has been a well established technique for measuring the

magnitude and delay response of a device under test. The technique has been

refined and become useful in imaging different types of tissue [14]. The architecture
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. for a White Light Interferometry System can be seen in Figure 2.3.
Sample
= e
Light Source rJ D:i D.i D:f [pepey ™™
Directional : Whan penetration depth of
i) |  Detector | couper (_j\ ?:‘:i'fﬁi‘:;;t':?m'm
< | (Photodiode) \ L:&\\&\\\\'

Reference Mirror
Figure 2.3 - The architecture of a White Light Interferometry System. The bold conncction arrows signify
optical paths. A current i(t) is seen when the path from the sample reflection is equal to the path from the

mirror.

Figure 2.3 shows light emitted by the “white” light source being fed into a 50/50
‘ directional coupler. The spectrum of a white light source is shown in Figure 2.4. An

equal amount of light is sent to the sample and a reference mirror. The configuration

between the directional coupler, sample, and reference mirror is known as a

Michelson configuration which is related to the Michelson Interferometer [15].
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Figure 2.4 - The spectrum of a whitc light source.

In Figure 2.3 the mirror acts as a reference point for the light reflected from the

sample. When the penetration distance into the sample is unequal to the reference

distance of the reference mirror, a DC signal to appear at i(t) of Figure 2.3. The
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‘ signal appearing at i(t) in Figure 2.3 is shown in Figure 2.5. When the distances are
identical, interference between the two signals occurs and an AC signal appears at
the output of the detector. The signal at i(t) in Figure 2.3 is related to the source
bandwidth through time resolution of interference patterns (see Figure 2.5). For
example, the time resolution of the interference patterns in Figure 2.5 for a 10THz
source would be one picosecond. The interference patterns generated in Figure 2.5
represent the reflectivity of the sample. Hence, magnitude and phase are both

processed on the fly in the time domain.

Time Resolution
A=—
107H=

1) 4mA)
i(t) (mA)

Twmne (Seconds)

Figure 2.5 - Interference patterns from the White Light System. The interference patters generated using

white light architecture are signified by the dotted boxes.

The benefit of using the technique shown in Figure 2.3 is that the entire
measurement is done in the time domain, so no post-processing is necessary. The
disadvantage of this technique is that mechanical parts are necessary to move the
mirror. Therefore, high-resolution real-time images requiring a fast measurement and

data acquisition scheme are harder to obtain [4].
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‘ The system shown in Figure 2.3 has signal-to-noise ratio which is inversely
proportional to the detection bandwidth of the system [3]. Fast scanning raises the
detection bandwidth of the system[3]. The goal of an OCT system is to have both a

high scanning speed and a high signal-to-noise ratio.

Narrowband
Broadband Soutce
Source ~ A
: .
Wavel h le'l . h
@ G ) o

Figure 2.6 - Broadband/Narrowband Source Comparison. (a) IHustration of the power spectrum of a

broadband source. (b) Hlustration of the power spectrum of a narrow band source.

Figure 2.6 illustrates the power spectrum of both a broadband source and a
narrowband source. The source seen in Figure 2.6 (a) is the source used in the
‘ White Light Architecture. The time resolution of the source is proportional to the
inverse spectral width of the source (shown in Figure 2.5 (a)). Therefore, the time
resolution for a system using the source seen in Figure 2.6 (a) is smaller than for the

source seen in Figure 2.6 (b).

Since the White Light Architecture requires one “white” light source seen in Figure
2.6 (a), it would take a great amount of power to have the source yield a high signal-
to-noise ratio at all frequencies. More specifically, the source seen in Figure 2.6 (b)
has all its energy concentrated over a smaller area than the source seen in Figure
2.6 (a). Therefore, the source seen in Figure 2.6 (b) would yield a higher signal-to-
noise ration than the source in Figure 2.6 (a). The signal-to-noise ratio comes into

play with both more accurate images and a larger penetration depth and a larger

‘ signal to noise ratio [3]. This report will explore another way to obtain the same time
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‘ resolution as a broadband source by using a narrowband source.
2.3.2 Chirped Laser Interferometry Architecture

The Chirped Laser Interferometry Architecture can be seen below in Figure 2.6.

Device Under Test

Reflection O
Signal from
; Path A geﬂecta nce %!
7 epth <
I
$ // 2
Time Time
Signal from Source Signals at
/ Photodetector
/ Path B
Frequency Swept| S Detector
Laser Source N ‘1(Photodiode)
Path A
Coupler .
i)
‘ Figure 2.7 - Chirped Laser OCT/LIDAR Architecture.

The main difference between the Chirped Laser Architecture of Figure 2.7 and the
White Light Architecture of Figure 2.3 is within the source component of the system.
The White Light Architecture of Figure 2.3 consists of a constant “white” light source
seen in Figure 2.6 (a), while the Chirped Laser Architecture of Figure 2.7 employs
the narrowband source component seen in Figure 2.6 (b) ramped in the frequency
domain. The system collects imaging information by linearly ramping the narrowband
source of Figure 2.6 (b) in time with respect to wavelength, and comparing the
difference between incident wavelength magnitudes emitted from the source to the
reflected wavelength magnitude from the device under test. Figure 2.7 shows an

illustration of this frequency comparison by showing the reflected signal from the

DUT compared at the photodetector.
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Signal at i{t) is composed (@) Fourier (b)
of reflected signals from sample Transform
{assuming two signals) — = Reflection D« Reflection D:
—-— = Q v
E .J'l.-“..-'\,' ,l'.l_.--l"\ J.-rl- '] il g
/ \ f 'I .'H l. : o \‘-. a
Time (Seconds) Frequency
Time Reflected frequencles are
roportionalto distance
nto sample
2 {c)
[ =4
]
22
i3
e=
0. D:

Distance into Sample

Figure 2.8 - Signal analysis of Chirped Laser Architecture. (a) An example of a signal i(t) emitted by the
’ photodetector in Figure 2.7. The signal is assumed to be composed to signals from two reflections. (b) An
example Fourier transform of the signal emitted from the photodetector in Figure 2.7. (¢) The distance

within the sample is proportional to the frequencies of the signals emitted by the photodetector.

In order for this comparison to be accurate, the frequency spacing must be constant
meaning the ramp must be linear. The reason for this is that in the Fourier Transform
(2.1), k is an integer, meaning that the spacing between frequencies is f,. Therefore,
in order for the chirped laser technique to work accurately, evenly spaced frequency

steps must be used [16].

Xtk] =Y k] (2.1)
k=0

There are a couple advantages to the Chirped Laser Architecture over the White

Light architecture. The first advantage is that since the laser’s power only is
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' distributed over a narrow frequency band, the signal-to-noise ratio of the interfering
signal at the detector is stronger than those in the white light case. Second, since the
white light architecture needs to sweep a mirror, it takes longer to collect data and
involves the motion of mechanical parts. However, SG-DBR widely tunable lasers
can switch wavelengths in the nanosecond range [6]. Therefore one can gather more
data in a smaller amount of time using the Chirped Laser approach and this leads to
real-time OCT applications. A similar approach to the Chirped Laser Technique will
be used in this report in order to explore the capabilities of SG-DBR widely tunable
laser in OCT.

2.4 Modulation Phase Shift Method for Group Delay Measurements
The third method utilized in this work to measure group delay is shown in Figure 2.9.
Figure 2.9 is an illustration of the Stepped Ramped Wavelength Architecture. Figure

‘ 2.9 shows the output of a tunable laser source modulated and fed into a DUT. The
tunable laser is being swept in a tuning ramp fashion. The reflected signal (Signal (b)
in Figure 2.9) from the sample is fed into a photodiode where the optical signal is
converted into an electrical signal (Signal (c) in Figure 2.9). The current emitted from
the photodiode has a phase difference compared to the initial modulation source
since the signal has been affected by the DUT. The system basically uses Signal (a)
of Figure 2.9 and Signal (c) in Figure 2.9 to obtain phase and magnitude

measurements.
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Figure 2.9 - lllustration of the Stepped Ramped Wavelength Architecture. The bold connections signify

optical paths. Signal (a) represent the modulation signal. Signal (b) represents the source signal modulated

and sent to the device under test. Signal (c) represents the signal from the photodeteetor containing

information about the DUT.

The phase and magnitude of the current from the photodiode in Figure 2.9 is then

compared to the phase of the modulating source. Since the system in Figure 2.9

allows for the collection of both magnitude and phase measurements, it is useful for

collecting data in the Fourier Domain and making group delay measurements. Group

delay is the measurement of change in phase with respect to change in frequency

and is defined in (2.2).
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‘ APhase(radians)

Group Delay =

- . (2.2)
AFrequency(radians | second)

It must be noted that the system in Figure 2.9 measures change in group delay
rather than delay itself. This measurement of change in group delay is due to the fact
that the optical frequency is being ramped in Figure 2.9, not the modulation
frequency. The expression for calculating change in group delay with respect to
changing optical frequency (not the modulation frequency) is shown in (2.3).

B APhase
AOptical Frequency

A T, (23)

The slope of the phase in Figure 2.10 is constructed by finding the change in group

delay at all the wavelengths within the tunable source’s range. This method of

measuring change in group delay will be used to verify proper functionality of the
‘ OCT system. The system in Figure 2.10 shows Stepped Ramped Wavelength

Architecture using a fiber optic cable as the device under test.
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Figure 2.10 - Hlustration of Stepped Ramped Wavelength Architecture. The bold lines represent optical

paths.
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Notice, in the Time Domain processed data of Figure 2.8 there is a spike. This spike
represents the group delay within the fiber. Knowing the speed the signal is traveling
through the fiber, one can use this delay to calculate the length of the fiber.
2.5 Current System
The OCT system used in this report is a variation of the Stepped Ramped
Wavelength Architecture shown in Figure 2.7. Figure 2.11 shows what will also be
referred to as the Stepped Ramped Wavelength Architecture. The main difference
between Figure 2.7 and 2.11 is that a network analyzer is being used to collect
magnitude and phase data in Figure 2.11. However, the system in Figure 2.7 is
fundamentally the same as the system seen in Figure 2.11. The goal of this report is
. to improve upon the current OCT technology by employing a widely tunable laser
source which has very fast wavelength switching capabilities (nanoseconds) [6]. The
design being explored in this report is designed to leverage the laser source’s (SG-

DBR Laser) strengths against its weaknesses.

Electrical Network

Analyzer
Laser Reflected
Controler Modulation Electrical
Signal Sighal Photodiode
J
Tunable
Laser Optical Modulator
Optical Modulated Reﬂlected
Signal Optical Optical
Signal Signal
puT

Figure 2.11 - lustration of the Ramped Wavelength Architecture.
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There are a few additions to the diagram in Figure 2.11 which were not shown in
Figure 2.7. Mainly, the electrical network analyzer will be used to gather magnitude
and phase data from the reflected signal. It will also be used to generate the
modulation signal used to modulate the tuning ramp. The other changes to the
architecture will be discussed in Chapter 6.

2.6 Development

In designing an OCT system the chirped laser technique has been shown to be more
promising due to faster switching capabilities and having no reliance on mechanical
parts. This report will explore changes made to the source component of the Chirped

Laser Architecture that can potentially improve the overall OCT System.

. It is important that the frequency steps are of equal spacing when constructing a
tuning ramp due to the fact that a ramped laser architecture depends on the Inverse
Fourier Transform to processes the frequency domain measurements into a time

domain response.

The next chapter discusses a unique laser known as a SG-DBR Single-Chip Widely
Tunable Laser (SG-DBR). The Stepped Ramped Wavelength Architecture will take
advantage of the laser’s switching speed in order to lead to the development of OCT
system. The scope of this report is to set up a working prototype for the development

of an OCT system which employs. SG-DBR lasers as the source component.
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‘ CHAPTER 3: Widely Tunable SGDBR Lasers
3.1 Introduction to Diode Lasers
This chapter will provide the reader with background information about SG-DBR
lasers and the details about the specific SG-DBR laser used in this report. That
background will be followed by an in depth view of the laser’s tuning mechanism and
a glance at some of the underlying physics concepts associated with the SG-DBR
laser. The goal of this chapter is to familiarize the reader enough with the laser to
understand the application performed in the following chapters.
3.1.1 Choice of Laser
When choosing widely tunable diode lasers, there are two main types: single-chip
(otherwise known as Monolithically Integrated (MI)) and External Cavity Lasers
(ECL). The laser used in this report is an Ml SG-DBR widely tunable laser. There are
‘ two major advances of Ml tunable lasers over ECLs:
1. Size — Ml widely tunable lasers are much smaller than external cavity lasers.
2. Speed — MI widely tunable lasers have a much faster wavelength switching
speed than do external cavity lasers.
3.2 Agility 1107 CW Widely Tunable Laser
The laser used in this research is the Agility 1107 Continuous Wavelength Single-
Chip SG-DBR Widely Tunable Laser (Agility 1107). The Agility 1107 can be seen in

Figure 3.1.

71




ONR Grant No. N00014-06-1-1111 P.1.: Susan C. Opava, Ph.D.

Figure 3.1 - The Agility 1107 laser. (Left) Packaged version of the Agility 1107 Widely Tunable Laser [13].

(Right) The image of the paekage version the Agility 1107 while used in the laboratory.

(b) gain (d) Front mirror

(a) back (c) phase (e) output
‘ mirror amplifier

Figure 3.2 - lllustration of SG-DBR laser elements. An illustration of a elose-up overhead view of an SG-
DBR Widely Tunable Laser. Seetions (a), (¢), and (d) are involved in wavelength tuning. Sections (b) and (e)

are involved in photon emission.

Figure 3.2 shows the basic architecture of an SG-DBR laser and shows how the five
different sections of the laser are aligned. Figure 3.2 is a close-up overhead view of
an SG-DBR laser. The basic functionality of the laser can be broken down into two
sections: a tuning section and a gain section. The tuning section is involved in
selecting the laser’s output wavelength, while the gain section is in charge of the
emission of photons. The Agility 1107 laser has the same architecture as shown in

Figure 3.2.
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In Figure 3.2 the SG-DBR laser has three waveiength tuning section sections: front
mirror, back mirror, and phase section. An SG-DBR laser's multiple wavelength
tuning sections allow it to have a more robust tuning mechanism. Instead of
manipulating one variable to reach a particular wavelength, one can manipulate
multiple variables. Having multiple wavelength selection variables allows for the
implementation of more complicated wavelength selection algorithms. This process

will be discussed in more detail later.

Though there are three degrees of freedom when it come to wavelength tuning, the
research involved in this report DC biases the phase section of the laser so that only
the front and back mirrors are considered in this report. Both the SOA section and
gain section are also DC biased. The goal of this report is to explore the feasibility of
SG-DBR lasers in OCT therefore keeping these values constant will allow for fewer
degrees of freedom. To understand how the laser operates, the lasing conditions will
be discussed.

3.3 The Composition of SG-DBR Lasers

The basic functionality of any laser diode is explained by the electron-photon
interactions within the device [5]. For a widely tunable laser, the interaction is
between the semiconductor’s electrons and incident photons. The product of these

interactions determines the magnitude, stability, and output wavelength of the laser.

This section will take a quick look at the relation between the carrier density of

holes/electrons and a material's index of refraction [5]. This relation is the

fundamental tuning mechanism used to control diode lasers [5].
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Figure 3.3 - Agility 1107 eross-section. The cross sectional diagram of Agility 1107 CW Widely Tunable
Laser Arehiteeture shows how band gaps are distributed throughout the waveguide. Tuning seetions have a

high hand gap while emission/amplifieation seetions have a low band gap.

Figure 3.3 shows the architecture of the SG-DBR laser used in this report. The gain
section in Figure 3.3 provides the optical gain of the laser diode while the mirror

sections in Figure 3.3 consists of a Bragg grating and is responsible for wavelength
selection. Both of these portions of the laser will be discussed in this chapter of the

report.

The main functionality of the laser depends on the carrier photon interactions within
the device. The band gap differences at each section in the laser allow for
stronger/weaker interaction in sections where they are desirable. Figure 3.3 shows
the band gaps within different sections of the laser. Low band gaps enable
spontaneous emission and the amplification of photons through stimulated emission
at the wavelength of interest. This is important for the emission sections of the laser
(gain and SOA in Figure 3.3) which need to generate photons. High band gaps are
desirable for sections which need to manipulate emitted photons (front mirror, back

mirror, and phase in Figure 3.3).

In the discussion of this report, the laser’'s tuning mechanism will become very
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important. In order to develop a tunable ramp for OCT applications, the tuning
mechanism for this laser must be explored. The next section explores the Agility
1107’s tuning section.

3.3.1 Tuning Section

To explain the SG-DBR laser's tuning mechanism, the mirror sections and the
distributed Bragg reflector mirror within the mirror sections must be explained first.
The mirror sections of the laser have the same composition as the gain section
except the mirror sections have a higher band gap and a distributed Bragg grating
embedded within them allowing for wavelength selection. The higher band gap within
the mirror sections (shown in Figure 3.3) helps make the mirror sections look like a
passive lossless element at the lasing wavelength. Before getting into more detail on
the mirror sections, the sampled grating or Distributed Bragg Reflector Mirror (as

labeled in Figure 3.3) will be discussed.
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Figure 3.4 - Distributed Bragg Grating. (Left)The gain vs. wavelength function of the mirror section of the

laser. (Right) An illustration of the Distributed Bragg reflector grating.

Interference between portions of the Bragg grating causes strong periodic reflections

at the peaks shown in the reflectivity versus wavelength plot in Figure 3.4. The Bragg
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‘ Reflector Sampled Grating mirror is show on the right in Figure 3.4, its reflectivity

diagram is shown to the left in Figure 3.4.

AAd = /1— (3.1)
2nL

(3.1) shows how wavelength periodicity is related to mirror spacing. In (3.1) A is the
lasing wavelength, L is the spacing between mirrors. n is the index of refraction. (3.1)
shows that the distance between lasing modes should remain constant. Therefore, a
tuning mechanism which slides the reflectivity spectrum is expected. Figure 3.4

shows the constant spacing between reflectivity peaks.

The mirror section is a PIN (p-type, intrinsic, n-type) diode. When a mirror section is
biased, the injection current shifts the reflectivity peaks seen in Figure 3.4 (a) by
‘ changing the carrier density inside the mirror [6]. This leads to the possibility of
mode/wavelength tuning. Each portion of the grating varies the refractive index
slightly. The spacing between peaks is dependent on the periodicity of the sampled
grating [5]. For the Agility 1107 the spacing between peaks is 5 nm.
I\

Reflectivity

)

Figure 3.5 - Mirror tuning illustration. The reflectivity vs. wavelength function of the front mirror section

Wavelenath’

of the laser can be altered by changing the carrier density in the mirror. The dark set of peaks have been set
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‘ to an initial front mirror current sctting and the light set of pcaks show how the reflectivity pcaks move as

current is injected into the mirror.

Figure 3.5 shows the shift in reflectivity spectrum as the injection current changes.
The dark spectrum seen in Figure 3.5 is the initial reflectivity spectrum, the lighter
spectrum in Figure 3.5 is the new reflectivity spectrum. The arrow in Figure 3.5
shows the sliding direction of the reflectivity.

3.3.2 Lasing Conditions

Back

Front :
Gain Mirror

Mirror SOA Anode

Phase

Wave
Guide

Figure 3.6 - Agility 1107 CW Widely Tunable Lascr Architecture.

Figure 3.6 shows the architecture of the Agility 1107 laser. The lasing condition for
the laser involves two conditions:
Roundtrip gain (K) > 1 (condition - 1)

Roundtrip Phase (¢ =21n) (condition - 2)

Back
Mirror

Front

Mo SOA Anode

Phase
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‘ Figure 3.7 - Lasing condition diagram. Agility 1107 CW Widely Tunable Laser Architecture.

The laser is essentially an oscillator. Its function can be thought of as analogous to a
Fabry-Perot Interferometer. Basically, the gain section in Figure 3.7 emits photons
which are reflected between the two mirrors. The mirrors act as a band pass filter
only allowing specific wavelengths to be emitted form the laser. Figure 3.7 shows the
path the light travels. By following this path and making a round-trip back to the gain
section an equation for lasing condition can be constructed. Each number in Figure

3.4 represents a contribution from a portion of a laser.

K¢ = Gain Contribution of last on path #
K; = Gain

K2 = Phase = 1

. K3 = Reflectivity of Back Mirror as a function of Wavelength (frequency dependent)
K4 = Phase =1
Ks = Gain

Ks = Reflectivity of Front Mirror as a function of Wavelength (frequency dependent)

Oscillation condition on gain:

Ki Kz K Ky Ks Kg > 1 (3.2)
Therefore a wavelength with roundtrip gain greater than one will cause oscillation. If
the laser oscillates, any wavelength in Figure 3.4 with a gain less than one will drive

the output to zero in accordance to (3.2).

Figure 3.8 shows the output spectrum of the Agility 1107 laser. The principles behind

the shape of the spectrum seen in Figure 3.8 will be discussed along with the tuning
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mechanism. Basically, the reflectivity of the mirror sections strengthens the roundtrip
gain at particular wavelengths giving those wavelengths a lower loss. The lasing
peak in Figure 3.5 occurs at the wavelength where both a peak in the reflectivity of

the front mirror and back mirror directly overlap in wavelength.

The tuning mechanism of a generic tunable laser works like a Fabry-Perot
interferometer [8]. As a Fabry-Perot interferometer, two mirror elements surrounding
the gain section can be adjusted to select a frequency [8]. However in the case of
tunable lasers, rather than physically moving the mirrors, the mirror’s reflectivity is

altered by an injection current.

125 e B
10~ " N
1.5-

Dominant Mode

AL

1500 1505 1510 1515 1520 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570 1575 1580 1585 1590 1595 1600

Wavelength (am)

s —C e e i St " e elnni” s ittt i e 1
Figure 3.8 - Agility 1107 output spectrum. Laser OQutput with the dominant mode which satisfies the lasing

condition shown.

The modes of the Agility 1107 are signified by the arrows in Figure 3.8. The
dominant mode in Figure 3.8 shows a dominant wavelength in which the roundtrip

gain is strongest. The spacing between mode peaks is 5nm, the reason for this
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spacing is due to the separation distance between Bragg mirrors.

3.4 Wavelength Tuning

The laser is tuned by multiplying front and back mirror gains in condition - 1 (shown
in section 3.3.2). The dominating mode seen in Figure 3.9 can move to one of the
other non-dominant mode locations. This tuning characteristic is a very important

part of widely tunable lasers and will be discussed in detail in this section.

The two mirrors work together as a band pass filter to pass particular wavelengths.
The front mirror and back mirror have particular reflectivity’s which can be
manipulated to allow emission of certain wavelengths. Figure 3.9 illustrates the
relationships between the front and back mirror during the wavelength selection

process.

Figure 3.9 shows that if there is a strong roundtrip gain for a particular wavelength for
both the front and back mirror, the laser will lase at that particular wavelength. This

alignment of strong roundtrip gain in Figure 3.9 satisfies (3.2).

Figure 3.9 shows that the reflectivites of the mirrors can add either with strong
roundtrip gain or poor roundtrip gain. If they form a roundtrip gain as a function of
wavelength that is greater than one, the laser will lase at a particular wavelength.

The two mirrors work in conjunction to act as an optical band pass filter.
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Figure 3.9 - Wavelength tuning illustration. (a) 11lustration of the back mirror reflectivity peaks. (h)
[llustration of the front mirror reflectivity peaks. (c) lllustration of the laser output due to the alignment of

front and back mirror reflectivity peaks.

In Figure 3.9 the reflectivity peaks of the front and back mirror are designed to be
unequally spaced by changing the sample period of the sampled Bragg grating [6].
This allows for only one set of peaks to be aligned at a time and allows for the

mode/wavelength tuning shown in Figure 3.9.

Figure 3.9 also displays the effect between the two mirrors called the Vernier Effect.

By changing the current in the front and back mirror one can shift the reflectivity
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‘ peaks of the mirror, this is shown in Figure 3.9. The main idea between using two
mirrors is that the Vernier Effect between the two mirrors allows them to tune beyond

the range which their own refractive indexes would allow them to tune [6].

Figure 3.5 showed how changing the injection current changes the mirrors peak
locations. An increase in injection current raises the electron density in the mirror,
therefore changing the index of refraction and causing a shift in the reflectivity

spectrum of the mirror. Figure 3.10 shows the 5nm spacing between modes.

128
0.
73
4
35
o
a8
-
1.3
0

g s

(i
= LU
¢ S J "

1500 'i508 18507 1615 1300 108 1230 15D IEE I8 18T 1SS 160 1868 3570 T3 SN0 188 1340 1598 N0
Wavelength (am)

e e e

3

R S

Figure 3.10 - Hlustration of Snm spacing between modes. The diagram shows the Snm spacing between

modes which ean be found in (3.2).

This slide in the reflectivity versus wavelength is not only caused by current but any
phenomena which can change the carrier density in the front and back mirror.
Temperature change of the laser can also change the carrier density within the

mirror sections and therefore change the reflectivity versus wavelength spectrum of

the mirrors.
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Figure 3.11 - Detailed wavelength tuning using the Agility 1107. (a) The left figure shows the initial baek
mirror reflectivity while the figure to the right shows the altered back mirror reflectivity. (b) Both the right
and left figures show the front mirror refleetivity kept eonstant during the experiment. (e) An experiment
illustrating of how the laser’s output changes as the mirrors are tuned. The left figure shows the initial laser

output while the right figure shows the laser output offset to the right. For the Agility 1107 this offset

distanee is Snm.

When there is an overlap in peaks in the reflectivity spectrums of both mirrors the
lasing frequency will change to the frequency of overlapping peaks. This is the basic
concept behind the tuning mechanism. Figure 3.11 shows how the output

wavelength changes as current in one the mirror’s current is varied. This allows the
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. wavelength to hop from mode to mode. Notice the mode spacing is constant. Each
time the laser switches modes, it traverses the same distance (5nm). This is due to
the construct of the distributed Bragg grating embedded in the mirror sections of the
laser (introduced in Figure 3.4). Both reflectivity spectrums are constant, meaning

they both have constant wavelength spacing within their reflectivity spectrums.
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Figure 3.12 - Mode sliding with the Agility 1107. (a) An illustration of back mirror current density being
altered slightly and shifting the reflectivity speetrum. (b) An illustration of front mirror eurrent density
being altered slightly and shifting the reflectivity spectrum. (¢) If both the front and back mirror enrrent

densities are altered simultaneously, and mode slide will oecur at the output.
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’ Figure 3.12 shows that not only does the architecture of SG-DBR lasers allow for
mode hopping, it also allows for mode sliding. By changing the injection of both
mirrors simultaneously a mode can slide through a set of wavelengths before
switching modes. This characteristic of mode sliding is very important in the
construction of a tuning ramp for OCT applications. This sliding aspect allows one to
achieve wavelengths one would normally hop over when keeping a mirror constant.
3.5 Feedback Control/Closed Loop Tuning
In most telecommunications applications the SG-DBR laser is aided by a feedback
signal that is used for frequency stabilization. This signal is generated using a
reference optical filter [9]. The purpose of the feedback loop is to control wavelength
drift and protect against inherent wavelength changing attributes such as
temperature change and hysteresis. The disadvantage closed loop tuning has when

‘ compared to open loop tuning is that it slows down the tuning processes. Closed
loop tuning requires constant wavelength verification done through electrical
feedback, and therefore is a lot slower than the nanosecond switching capabilities of

an open-loop system.

However, the benefit of closed-loop tuning is that less analysis of the laser’s
characteristics needs to be done upfront, since a feedback mechanism will increase
or decrease the injection currents until the correct operating point is reached.

3.5.1 Open Loop Tuning

For fast wavelength switching without on-the-fly diagnostics, wavelength open-loop

tuning can be used. In order to use open loop tuning a lookup table must be

generated to guide the tuning processes. The lookup table will describe the way the
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‘ currents must be manipulated in order to achieve the desired laser output, in the

case of OCT a tuning ramp.

Lookup Table D/A

IFI II!n
i

SGDBR Laser | —>

A

Figure 3.13 - Tuning procedure for the Agility 1107.

The positive aspect of open loop tuning is that the limit to the tuning becomes the
D/A converter controlling the injection currents into the laser. This can allow for

‘ nanosecond wavelength tuning. When using open loop tuning all the data analysis is
done upfront (tuning characteristics, hysteresis, temperature dependence) and taken
care of before the lookup table is made.
The negative aspect with open-loop tuning is that one needs a separate lookup table

for different operating conditions such as different operating temperatures.

The main issue is that a lookup table for the tuning ramp is designed with a particular
current density expectation for each wavelength. A temperature difference varies the
electron density, changes the index refraction of a mirror, and essentially emits a
different wavelength, changing the operating point of the laser. However using a

thermoelectric cooler (TEC) will help eliminate this issue.

‘ Another problem an open-loop tuning mechanism must overcome is the inherent
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‘ hysteresis associated with wavelength switching in SGDBR lasers. An open-loop
tuning algorithm must avoid hysteretic regions of the laser. This will involve hopping

over hysteretic regions to different stable modes at a particular wavelength.

Sampled grating lasers overcome the limitations of narrowly-tunable DBR lasers [10].
Work has been done in creating a closed look tuning ramp or using on external lab
instruments [10]. In this application the lasers functionality in an open-loop
environment is explored.

3.6 Application: Telecommunications

Currently, in near-term applications (communications) there is no demand for fast
wavelength switching [7]. This report is looking to explore the imaging application of

SGDBR laser where the fast switching potential is not only useful, but mandatory for

‘ real time applications.

However, in communication applications the fast wavelength switching capability of
DBR lasers is not used or desired. A the fast wavelength switching capabilities of
DBR lasers can cause unwanted wavelength change during a data transmission due
to the fact that data needs to be transmitted at a particular frequency. Therefore any
noise in the current source powering the laser could cause an unwanted frequency

change.
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‘ Figure 3.14 - A telecommunications protection feature of the Agility 1107. (a) Placing capacitors at the
tuning section input create a low pass filter and prevent unwanted wavelength change. (b) An illustration

showing how a small perturbation in the signal has the potential to change the Agility 1107 output.

This high speed switching is suppressed using capacitors. The capacitors act as a
low pass filter upon the injection currents which don’t allow them to change rapidly
and in turn effect the laser’s output. This allows for protection against frequency
change due to sudden noise. Figure 3.14 (a) shows how adding the capacitors
change the switching current threshold. Figure 3.14 (b) shows the effect sudden
noise could have on lasing frequency. Without this threshold, the frequency of the

laser would have changed.

Any phenomenon which has an influence over the current density of a laser can
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‘ affect the lasers operating point. For example, thermal tuning caused by electrical
power dissipation during a sudden current change has the ability to change a lasers
frequency by 20Ghz[6]. This is important in wavelength division multiplexing.

3.7 Overview of Physics Concepts

This section may be skipped without loss of understanding of how the Agility 1107 is
used in the application presented in this report.

3.7.1 Gain Section and Spontaneous/Stimulated Emission

The gain section of the laser is an optical amplifier whose function can be
understood by the theories of stimulated and spontaneous emission. Stimulated
emission in a tunable laser consists of photon motion perturbing electrons, causing
the electron to be demoted into the valence band; allowing a companion photon to

escape in the process. The companion photon has the same frequency, phase,

. direction of motion, and polarization as the incident photon [15].
Conduction Band
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Figure 3.15 - An illustration of stimulated emission,

Figure 3.15 show the stimulated emission effect. A photon in Figure 3.15 passes
through the conduction band and valence band, allowing an electron to move into

the valence band, the process leads to the duplication of a photon. On the other

hand spontaneous emission is the emission of light due to carrier transition between
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bands not involving incident photons.
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. CHAPTER 4 Tuning Characteristics

The goal of this section is to produce an algorithm for the Agility 1107 CW Widely
Tunable Laser (Agility 1107) which will ensure a reproducible and reliable
wavelength versus time ramp output to be used in an OCT architecture. This section
will explore the procedure, feasibility, and reliability of creating a tuning ramp of

wavelength versus time using the Agility 1107.

This chapter will start by proving feasibility of producing a tuning ramp via the Agility
1107. The discussion will start by taking the reader through the multiple experiments
performed on the Agility 1107 to explore its tuning characteristics. It will then go into
an analysis of the characterization of the Agility 1107. Finally, the discussion will then
’ go into some problems which will need to be avoided in order to produce a reliable

tuning ramp.

With respect to lasing wavelength, the laser has three degrees of freedom: front
mirror current, back mirror current, and phase current. This report chooses to fix bias
the phase tuning abilities of the laser and concentrates on characterizing the front
and back mirror effects on the lasing wavelength.

4.1 Feasibility of Wavelength Tuning

The first experiment performed using the laser was to see if there even was a
possibility of creating a wavelength ramp without gaps in wavelength coverage using
the Agility 1107. The experiment involved recording a sample of every possible

operating point for the laser and ordering those points in terms of resulting

’ wavelength.
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. 4.1.1 Feasibility of Wavelength Tuning Experiment Setup
The experiment setup involved interfacing hardware to the laser in order for
automated operation and measurement control. This automation was done using the
Labview programming environment. The Labview Virtual Instrument (V1) for the

experiment described in this section can be seen in Appendix B.

Figure 4.1 shows the hardware configuration used in the tuning ramp feasibility
experiment. Basically, the Labview Interface in Figure 4.1 sends voltage values to
the D/A (Labjack U12) via USB. Those voltages are then converted via a V-I
converter to input currents for the laser. The thermoelectric cooler (TEC) controller in
Figure 4.1 was used to maintain temperature stability during the experiment. The

Optical Spectrum Analyzer in the experiment was used to collect the laser’s output

. wavelength data.

GP1IB Cable

Computer
(Labview Interface)

USB Cable

Labjack U12
D/IA

DC BIASES N
Phase —|—»

Gain —t—v®Converter

SOA—/—
Injection N
Laser
Currents
TEC Controller |1ecc
(ILX-LDC 3700 ove Agliity 1107 Optical Spectrum
Series) Optical Analyzer
Path | (Agllent 81640B)

Figure 4.1 - Experimental setup for the ramped tuning feasibility experiment. The Labjack U12 D/A
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controls the interface board which is used to send currents into the front and back mirror sections of the

laser.

At times in this report, the Iaser’é input variable for the front and back mirrors will be
volts due to the nature of the experiments and use of a VI converter to take
measurements. The current conversion factor for laser wavelength data plotted with
respect to voltage are show in (4.1) (back mirror conversion factor) and (4.2) (front
mirror conversion factor).

v—1.4
60

v>1.4 (4.1)

I packrirror (V) =

v—1.4
110

v>1.4 (4.2)

Ianl Mirror (V) =

4.1.2 Feasibility of Wavelength Tuning Experiment Definition

The goal of the experiment is to characterize the Agility 1107 Laser. More
specifically, the objective is to map the input variables of the laser control system
shown in Figure 4.1 to the output variables of the system. The system variables are
shown in Figure 4.2. The input for the system in Figure 4.2 will be front and back

mirror voltage while the output variable will be lasing wavelength.

Fro\::‘ Micror
tage Laser Contro! s iase
Back Mirror sy5tem Wavelength
Voitage —

Figure 4.2 - Diagram of laser control system. Experimental setup for the ramped tuning feasibility

experiment.

The experiment used to characterize the Agility 1107 was defined like so: While the

front mirror is held constant, the back mirror voltage is ramped from 1.4V (0 ma) to
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‘ 5V (60ma) in 5mV (.83mA) increments. When the back mirror voltage reaches 5V
(60mA) the front mirror's voltage is also incremented 5mV (.45ma) between voltage

values of 1.4V (Oma) to 5V (32ma). A diagram of the experiment is shown in Figure

4.3.
Max |
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Figure 4.3 - Diagram of tuning ramp feasibility experiment/Agility 1107 laser characterization experiment.

An input voltage upon the back mirror was ramped for every front mirror value.

Therefore, the procedure described earlier and diagramed in Figure 4.2 yields a total
of 5184 current combinations. Of those combinations, the goal is to have them sorted
by output wavelength in such a way that a linear ramp can be constructed.

4.1.3 Feasibility of Wavelength Tuning Experiment Results

After performing the experiment defined in Section 4.1.2, the data in Figure 4.4 was
obtained. Using 5184 input combinations (front mirror and back mirror voltages) for
Figure 4.2 and mapping each combination with respect to wavelength, Figure 4.4
was obtained. The sample number represents the point in time the data was taken.
The key point of Figure 4.4 is that it shows that the inputs of the system can be
ordered in such a way as to tune the laser’s output wavelength in a linear fashion

(shown in Figure 4.5).
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Figure 4.4 - An illustration of mode movement in experimental data. (Top) Diagram of tuning ramp
feasibility experiment/Agility 1107 laser characterization experiment. (Bottom) Output spectrum of the
Agility 1107 Laser. The letters in the figure label the different modes and relate the upper and lower images

to each other.

As seen in Figure 4.4 the lasing range of the laser is from 1515nm to 1568nm. This
corresponds to a frequency span from 191 THz to 197 THz (assuming light speed in
free space). However, the more stable potion of the graph is from 1520nm to

1560nm. This conclusion was reached due to the fact that the density of points in

between 1520nm to 1560nm in Figure 4.4 was large.
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‘ Each connected group of points in Figure 4.4 represents a particular mode the laser
lases at. The modes are labeled in Figure 4.4 with the letter (a) through (g). Notice in
Figure 4.4 that not all modes can reach all wavelengths. For example, in Figure 4.4
mode (a) can lase at 1528nm but will never be able to lase at 1560nm. In this case,
1560nm is not able to be reached by mode (a). In order to lase at 1560nm the lasing
mode (g) would need to be used. Specifically, in Figure 4.4 there is a 5nm spacing
between each mode and each mode can only slide about 10nm. The aspect that
each mode can slide 10nm even though there is only 5nm of spacing between each
mode is important in wavelength reliability. If a particular mode is having trouble
lasing at a particular frequency, the laser can be manipulated so that another mode
which is stable at the particular frequency will lase. For example in Figure 4.4 both

modes (c) and (d) are able to lase at 1545nm. This trait comes in to play when

‘ dealing with hysteresis.

Again, Using 5184 input combinations (front mirror and back mirror voltages) for
Figure 4.2 and mapping each combination with respect to wavelength Figure 4.4 was
obtained. Figure 4.5 is a zoomed in version of Figure 4.4. Notice that the points in
Figure 4.5 are spaced closely enough and seem abundant enough to form a tuning

ramp.
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Figure 4.5 - A possible tuning ramp. (Left) A zoomed in version ol Figure 4.4 on the vertical wavelength
axis. The goal of this illustration is to show that the lasing wavelengths are both ¢lose enough and abundant

enough to form a frequency tuned ramp from. (Right) A possible tuning ramp.
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Figure 4.6 - Illustration of a stable lasing region. A zoomed in version of Figure 4.4 on the vertical
wavelength axis. The box indicates a large density of points lasing at a particular wavelength between

1540nm and 1550nm.

In Figure 4.6 the region surrounded by the dashed box contains a dense amount of
points. The boxed region in Figure 4.6 implies that there is a stable operating region
between 1553nm and 1557nm. However Figure 4.4 only shows at what wavelengths

the laser can operate. Figure 4.4 says nothing about how to tune the front and back
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mirror so that a particular wavelength is reached.
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Figure 4.7 - Sorted experimental data with respect to wavelength. The data obtained in the experiment
described in Section 4.1.4 sorted with respect to wavelength. The x-axis represents a particular front and

back mirror voltage combination input from the experiment described in Sectiond.1.4.

‘ Using 5184 input combinations (front mirror and back mirror voltages) for Figure 4.2
and mapping each combination with respect to wavelength, Figure 4.4 was obtained.
Sorting Figure 4.4 with respect to wavelength yields Figure 4.7. Figure 4.7 shows
that if all the current combinations for the front and back mirror are ordered with
respect to wavelength, the output spreads into region of smoothness and steep
regions. The smooth regions represent the stable operating points while the steep
regions represent areas where mode hoping may occur. As a result, the experiment
in described in Section 4.1.2 showed that it is feasible to develop a tuning ramp
using the Agility 1107 because the system outputs (Figure 4.2) from all the possible
system input combinations of Figure 4.2 used in the experiment can be ordered in a

fashion such that the output produces a linear ramp.
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‘ 4.2 Agility 1107 Characterization
This section uses the data from the experiment described in Figure 4.1.2 (seen in
Figure 4.4) and plots the data from Experiment 4.1.2 with respect to front and back
mirror current. Figure 4.7 directly maps the front and back mirror input current to the
output wavelength of the system described in Figure 4.2. The input variables, front
mirror and back mirror voltages from Figure 4.4 have been converted to currents (to
generalize results). The different colors of each section of Figure 4.8 (a) and (b)
represent a different lasing wavelength. Each colored section in Figure 4.8 (a) and
(b) describes a wavelength region which is truncated with respect to nanometer wide
wavelength bins. For example, 1567.76nm will be found binned under 1567nm.
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Figure 4.8 - Full characterization of Agility 1107. This illustration shows the results from the experiment
described in section 4.1.2. The data is graphed with respect to front and baek mirror eurrent, the different
eolors represent different lasing wavelengths at different front and baek mirror eurrent eombinations. (a)
Non-labeled plot was ineluded for easier viewing of the data. (b) Labeled Plot was ineluded to display data

trends.

Figure 4.8 (a) shows that adjacent sections do not always correspond to adjacent
steps in wavelength. Therefore a tuning algorithm will need to hop between the
different wavelength regions in Figure 4.8 (a) to change wavelength. This idea of
hopping from wavelength to wavelength using an open-loop architecture brings with
it different issues that need to be dealt with:

1. Is hopping from one wavelength to another repeatable?

2. Does it matter which way one approaches a current operating point (from
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. lower frequency to higher frequency)?
3. Do thermal characteristics effect the hopping?
Figure 4.8 (a) assumes that the gain, phase, SOA, and thermal characteristics

remain constant during laser operation.

Figure 4.9 shows how the modes are spaced within the tuning characteristics. Each
solid color region has a 5nm spaced from the color regions directly adjacent to either

side of it. Each color in Figure 4.9 represent a modes motion through the tuning

characteristics.
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Figure 4.9 - Full eharaeterization of the Agility 1107 showing mode motion. This illustration shows how the
laser’s modes traverse different seetions of the tuning eharaeteristies. Each mode has a partieular set of

wavelengths for which it can cause the laser to lase.
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‘ 4.3 Experiment Two: Repeatability Test
The main goal for any open-loop tuning technique is that it needs to be repeatable
without feedback. Since an open-loop architecture has no way to reference or check
itself, the laser ramp relies highly on an accurate repeatability versus time analysis of

the data.

To test for repeatability, the experiment defined in Section 4.2.1 was run multiple
times. The results of both experiments were subtracted from each other and Figure
4.9 was the result. In Figure 4.10 the x-axis represents a sample input combination
(front and back mirror current values) shown Figure 4.2. The result was 96%
repeatability within 5Snm, however that assumed that the laser was ramped in a
fashion that did not take into account output wavelength. Figure 4.10 shows that one
‘ cannot simply run through a wavelength ramp from the lowest frequency to the

highest.

Initial Reproducibility Results
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Figure 4.10 - Initial Reproducibility Results.
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Figure 4.10 shows the reproducibility results for two initial tuning ramps. It was
noticed that when the data was not reproducible the wavelength difference between
the two sets of data was 5nm. Note that the wavelength never hops more than 5nm.
This means that the worry of hopping into a total different section in unlikely. It was
found that large abrupt changes in the injection currents in both mirrors effect the
repeatability. This will be dealt with more later.
4.3.1 Experiment 3: Tuning Ramp Repeatability with Respect to Injection
Current Ramping (System Repeatability Experiment)
Figure 4.1 shows the hardware configuration used in the System Repeatability
Experiment. Basically, the Labview Interface in Figure 4.1 would send voltage values
to the D/A (Labjack U12) via USB. Those voltages are then converted via V-I

‘ converter to input currents for the laser. The TEC controller in Figure 4.1 was used to
maintain temperature stability during the experiment. The Optical Spectrum Analyzer
in experiment was used to collect output wavelength data.
4.3.2 System Repeatability Experiment Definition
The repeatability experiment is defined slightly differently than the experiment
definition in Section 4.1.2. The System Repeatability Experiment is defined like so:
For a constant front mirror voltage the back mirror voltage is ramped from its
minimum value to its maximum value (1.4V to 5.0V) in 5mV increments. Then back
mirror voltage is ramped down from its maximum value to its minimum value (5.0V to
1.4V) in 5mV increments. Once the back mirror reaches its minimum value the front

mirror is incremented by 5mV. This process continues until the front mirror reaches

its max value (5V). The process is illustrated in Figure 4.11 (a).
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Then for a constant back mirror voltage the front mirror voltage is ramped from its
minimum value to its maximum value (1.4V to 5.0V) in 5SmV increments. Then front
mirror voltage is ramped down from its maximum value to its minimum value (5.0V to
1.4V) in 5mV increments. Once the front mirror reaches its minimum value the back
mirror is incremented by 5mV. This process continues until the back mirror reaches

its max value (5V). The process is illustrated in Figure 4.11 (b).

Max | -
BM Voltage 13 e

F & (a)

Back Mirror Yoltage

Max ‘--;{.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'}

! (b)

Back Mirror Yoltage g

Front Mirror Voitage

Max
FM Voltage
Figure 4.11 - Experiment used to determine repeatable wavelengths. (a) [llustration of the back mirror

repeatability test. (b) Illustration of the front mirror repeatability test.

4.3.3 System Repeatability Experiment Results
When performing the repeatability test described in 4.3.3 Figure 4.12 is an example
result. Figure 4.12 shows how the output wavelength changes with respect to

ramped back mirror current. The main aspect which Figure 4.12 illustrates is that
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' there seems to not be a 1 to 1 mapping between input front mirror and back mirror
voltages and output wavelength for all conditions. Figure 4.12 shows that there are
some internal features of the system in Figure 4.2 which do not allow this 1 to 1
mapping. More specifically, after an examination of Figure 4.11, it seems as if
hysteresis is occurring. Hysteresis is defined as an input combination to the system
in Figure 4.2 which does not yield a unique wavelength output. The following section

will attempt to explain this hysteresis.

Front Mirror Held at Constant Voltage
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Ff r—/ — Ramping
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j Upward
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1.51000E-06 - - - .
140 190 240 290 340 390 440 490
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Figure 4.12 - Hysteretic lasing region. An illustration of the repeatability test while holding the front mirror

at constant voltage. The hysteretic region is circled.

4.4 Hysteresis

This section will attempt to explain the hysteresis encountered in section 4.3.3.
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Figure 4.13 - A definition of hysteresis. The same inputs do not always yield the same wavelength output at
two different points in time. For example, let a be a voltage value from the D/A which sends a current to the
laser’s mirrors. Hystesis implies that for the same voltage value at different times, the Jaser may not lase at

the same wavelength and there is a Snm difference between W(a,tg) and W(a,t,)

Figure 4.13 shows the definition of hysteresis used in this report. I, and i, are input
‘ values to the system. O(t) is some function that describes the internals of the system.

W(a,t) is a function which describes the output of the system. Hysteresis occurs

when the inputs of the system do not yield the same output at two different points in

time.

Hysteresis occurs because the Bragg reflectors interact with the light entering the
laser through unintended absorption. The resulting absorption changes the carrier
density in the mirror section which in turn changes the mirrors index of refraction [5].
Figure 4.14 show that it is energetically favorable for the laser to maintain lasing at
its current wavelength before switching. The type of hysteresis observed is a “lag” in
wavelength shift. It was deduced that there must be a feedback mechanism inherent

in the electronics between lasing wavelength and carrier density.
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‘ 4.4.1 Signs of Hysteresis
Figure 4.14 shows that for most values of back mirror voltages the wavelengths are
repeated as one ramps upward and downward through voltages. However, in some
regions wavelength repeatability is not achieved. In Figure 4.14 there is not
consistent wavelength repeatability at the two points surrounded by the two dotted

boxes. This region is called a hysteretic region.

Tuning Characteristics (Left Mirror Constant)
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Figure 4.14 - A y-axis close-up of the hysteretic region. An observation that hysteresis always occurred at

output wavelengths Snm from the desired wavelength.

The key aspect of Figure 4.14 is that during hysteresis the difference between the
wavelength operating point is 5Snm. The 5nm distance also happens to be the
spacing between modes. This means when the laser is operating inside a hysteretic
region, its exact lasing mode cannot be determined without knowledge of history.

Therefore in the design of an open-loop tuning ramp algorithm it would be prudent to

avoid these regions. The ways these regions can be avoided is to jump on a more
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‘ stable path once a hysteretic region is encountered
4.4.2 Hysteresis Explanation
The phenomena of hysteresis in the Agility 1107 is one where the current lasing
wavelength influences electron density through optical absorption in the front and
back mirrors. The mirror's band gap is larger than the band gap of the gain section.
The goal of designing the mirrors with higher band gaps is to make them look
transparent to the rest of the system (since they are only used for wavelength
selection). However, absorption still occurs and is the main cause of the hystesis.
Optical absorption promotes electrons within the mirrors causes a promotion of
electrons into the conduction band, therefore changing the carrier density of the
mirror and the refractive index.
4.4.3 Treating Hysteresis

‘ Hysteresis was treated by finding non-repeatable points using the experiment
defined in Section 4.3.2. If there was not a 1 to 1 correspondence of input operating
points with respect to wavelength output, the operating point was classified as being

prone to hysteresis and discarded.

A computer program was used to characterize the laser, spot the hysteresis, and
come up with a tuning dictionary for the Agility 1107. This tuning dictionary contained
all the stable lasing points where hysteresis did not occur. The process of finding the
hysteretic regions is shown in Figure 4.15. The hysteretic regions where found by
holding the front mirror constant and scrolling the back mirror between its maximum

and minimum values. The two sets of mirror current and wavelength values were

stored. One set for scrolling the mirror current upward, and one set for scrolling the
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‘ mirror current downward. The program then compared the lasing wavelength for a
particular current during an upward scroll and downward scroll. The algorithm then
looked for 5Snm mode jumps. If a 5nm difference occurred between the upward and
downward scroll the operating point is marked as prone to hysteresis and not stored
in the tuning dictionary. The tuning dictionary is the file which contains all the stable
operating points. When constructing a tuning ramp, the tuning program will chose

operating points from that tuning dictionary.
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Figure 4.15 - An illustration of the reproducibility algorithm. For a particular back mirror current, if the
ontput for two operating points approached from different directions is the same, the operating point is

placed in the tuning dictionary.

. However, this leads to some concerns. Does eliminating the points in the hysteretic
regions allow enough operating points to perform a tuning ramp? Further more, do
these points which are stored in the tuning dictionary allow for a smooth tuning
ramp? As explained earlier, the inverse Fourier transform requires constant
frequency spacing. Can this spacing be achieved using the points in the tuning
dictionary? A tuning ramp was formed using the lookup table method mentioned in

Figure 4.15 and the analysis introduced in this section.
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Repeatability Results: Hysteresis Treated
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Figure 4.16 - Repeatability results: hysteresis treated. An illustration of the repeatability results after

treating hysteresis.

After treating hysteresis, a tuning dictionary was developed. The dictionary was 92%
‘ repeatable to .5nm and 81% repeatable to .25nm. The average error can be
improved dramatically by paying attention to two areas: phase section tuning and
injection current stability.
+ Phase section — Tuning the phase section of the laser acts as a fine tuning
mechanism. The phase section is capable of tuning the lasers output by
.2nm. This allows a method for tuning finer wavelength steps.
¢ Injection Current Stability - The stability of injection from (the current sources)
against temperature was not explored in this report. Using a voltage output
D/A, V-l converters were fed voltages from a lookup table. Aspects such as
thermal coefficients effect the currents injected into the front and back

mirrors. Using programmable current sources which have a more precise

output may increase the accuracy of the laser’s output wavelength.
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. In Figure 4.17 the arrows point in the direction where the 5nm jumps occur, which
basically point out adjacent modes. Knowing where the mode boundries are in
Figure 4.17 yields information about how the modes should be altered by the
injection currents in order to produce a linear ramp and avoid hysteresis. After
examining Figure 4.17, Figure 4.18 (a) and (b) was developed to show the tuning
directions (front and back mirror current values) in which modes jumps occur. Mode
jumps were a central topic in preventing repeatability. Therefore it seems that a
tuning algorithm would want to avoid crossing the colored boundaries if Figure 4.17

(or do so in a minimal fashion).
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Figure 4.17 - An illustration of where hystesis would oeeur in the tuning eharaeteristies. Sinee hysteresis
only oeeurred during Snm jumps in wavelength it is assumed that the laser hops on an adjaeent mode with
respeet to the mode desired. Eaeh eolor signifies that the seetion of the tuning eharaeteristies lases at a Snm

differenee with respeet to its adjacent seetions.
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‘ It should be noted, that though minimal there are still some non-repeatable points in
the final tuning dictionary this may be due to the fact that the hysteresis experiment
was not designed to traverse all hysteretic paths. Since it was observed that there
was always a 5nm mode jump during hysteresis, the experiment should have been
performed in the direction shown in 4.18 (a). The bars in 4.18 (a) are placed there to

make the wavelengths readable. All numbers on the graph are in nanometers.

The main problem with the arrows shown in Figure 4.18 (b) (which represent the
experiment explained in section 4.3.2) is that they do not traverse all possible
hysteretic paths in order to fully treat hystesis. The experiment shown in Figure 4.18
(b) approaches the modal boundaries somewhat obliquely rather than (almost)
perpendicularly as shown in Figure 4.18 (a) Hence some hysteresis still occurs

‘ causing lasing instability. If one is looking to characterize the hysteresis one should

hop modes in the direction shown in Figure 4.18 (a).
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Figure 4.18 - An illustration of the shortcomings of the hysteresis experiment. (a) The tuning path the
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. hysteresis identification experiment should have taken should have optimized traversal over hysteretic
prone (Snm spaced) regions. The bold arrows also are (for the most part) perpendicular to the hysteretic
regions. (b) An illustration of the tuning path the hysteresis identification experiment is shown with the

dotted arrows. This path does not optimize traversal over hysteretic regions.

Traveling in the direction shown in Figure 4.18 (b) does not fully help solve the
repeatability problem during wavelength tuning since the process does not always
involves hoping to adjacent modes. Therefore, it makes sense that there was still
some unrepeatable points after the analysis discussed in section 4.4.3.
4.5 Switching Speed Accuracy
Both the switching speed and switching accuracy are determined by the surrounding
electronics and thermal characteristics[11].

. 4.5.1 D/A Electronics
The Labjack U12 is a USB DA employed in this application. It only allows for 50
sample/second, therefore keeps the switching time far from the nanosecond regime.
The second portion, it the packaged laser used in this applications is intentionally
made slower using capacitor. The reason these capacitors are employed is because
these lasers are used in communications applications, and one does not want the
wavelength to switch due to some system noise.
4.6 Thermal Characteristics
As the temperature of the system shifts, the index of refraction of the mirrors shifts
causing a change in output wavelength[11]. This is due to the temperature changes

promoting electrons and holes out of the conduction and valance band respectively;

changing the electron density.
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‘ 4.6.1 Experiment: Temperature Dependence
Figure 4.19 shows that a change in current density slides the reflectivity spectrums of
the mirrors. Figure 4.19 shows a variation in temperature of the laser while all
injection currents into the laser are kept constant. Starting at 16°C (Figure 4.19 (a))
and ramping the temperature of the laser to 24°C, the experiment shows how the
output wavelength of the laser is sensitive to changes in temperature. However,
Figure 4.19 illustrated the effect of changing the electron density in the conduction

band via injection current.

Changing the temperature of the laser should change the reflectivity of each section
of the laser simultaneously. This should cause the output to slide. An experiment
where, the front mirror, back mirror, gain, phase, and SOA were held to constant
‘ values and temperature change was performed. The experiment showed the sliding
motion and eventual mode change (shown in Figure 4.19 (c) and Figure 4.19 (d)).
This sliding motion signifies a change in carrier density in the mirror, changing the
injection current into one of the mirrors also has the same effect on the output of the

laser.
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Figure 4.19 - An experiment displaying temperature sensitivity of the Agility 1107. An experiment to
illustrate lasing instability results from temperature instability. (a) Agility 1107 spectral output at 16° C. (b)
Agility 1107 spectral output at 18° C. (c) Agility 1107 spectral output at 22° C. (d) Agility 1107 spectral

output at 23° C. (e) Agility 1107 spectral output at 23.14° C. (f) Agility 1107 spectral output at 24° C.

Notice how the slide, not only slid the lasing frequency of the modes, but also ended
up selecting a new lasing mode. This experiment showed the importance to
maintaining temperature stability when operating the laser in order to prevent
wavelength drift. This experiment also helped conclude that it is impossible to control

the laser using an open-loop algorithm without some kind of temperature control.
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. CHAPTER 5 Strategy for Full Wavelength Tuning

Now that the occurrence of hysteresis has been characterized and the thermal
properties of the laser have been noted, an algorithm for implementing a reliable
tuning ramp can be hypothesized. This section will discuss the strategies used for
open-loop tuning. Specifically, the algorithm for open-loop tuning, protocol to avoid
hysteresis, and the method used to determine the lasing wavelength. This section
will also discuss repeatability of the tuning ramp
5.1 Strategy for Open-loop Tuning
The strategy for full wavelength tuning involves traversing the laser’s characterization
curve in a fashion which will the limit large changes in injection current into both
mirrors simultaneously, avoid hysteretic regions, and yield a smooth tuning ramp.
‘ “Full” tuning implies being able to ramp from the lowest reliable lasing wavelength

value to the highest reliable lasing wavelength value.

Figure 5.1 shows the relation between the front mirror and back mirror when both are
changing. The positive aspect of Figure 5.1 is that it shows both mirrors don't need to
be switched to “random” current values. The case shown in Figure 5.1 is an example
where the different colors represent different back mirror voltage values which don't
follow a particular pattern while the front mirror maintains a gradual increase in
current. The gradual increase in mirror current helps prevent against thermal tuning
caused by power dissipation in the mirrors. In communication applications this is
protected against by adding capacitors to the laser to block high frequency changes

in current. However in OCT applications the use of the capacitor in not desired due

‘ to slowdown in tuning operation.
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Figure 5.1 - Results from reproducibility experiment. An illustration of the results of the reprodueibility

' experiment defined in seetion 4.3.2 for various different front mirror values. Plot shows how paths ehange

as both mirrors change.

Figure 5.1 shows different paths the laser takes according to particular constant back
mirror settings. Each line represents a particular left mirror voltage while the x-axis
represents changes in front mirror voltage. Each color can be seen as a path the

laser takes as it ramps through different left mirror and right mirror voltage values.

Figure 5.1 is important in that it displays that a reliable open-loop tuning ramp can be
achieved when altered to look like Figure 5.2 (a). Figure 5.2 (a) shows the path
needed to be taken in order to ramp the laser’'s wavelength linearly. This path is

shown by the dotted black lines. Figure 5.2 (a) shows the lasing modes intersect at

each dotted black line to make up different paths. Therefore, a tuning algorithm will
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need to decide which path to jump on in order to produce a tuning ramp.

Tuning Characteristics (Left Mirror Constant)
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Figure 5.2 - lllustrating where the modes are in the experimental data. (a) Agility 1107 characterization
illustrating paths laser travels for different back mirror voltages while front mirror voltage is ramped. (b)

An improved Figure 4.4 which takes particular lasing paths into account.

In Figure 5.2 (b) each number next to the black dotted lines (1-7) specifies a

particular node. Figure 5.2 (b) can be seen as an improved Figure 4.4 where past
‘ and present operating conditions are being taken into account. Like Figure 4.4,

Figure 5.2 (b) also shows that the distance between each node is 5Snm. This distance

represents the spacing between nodes.

At the hysteretic operating point there is a 5nm difference in lasing wavelength.

Notice that each can be tuned to a specific set of wavelength. The algorithm will

need to essentially slide the current mode and hop to the adjacent mode.
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Figure 5.3 - Tuning algorithm. (a) The initial path. (b) The next path the laser must hop to. (¢) The next

path the laser must hop to. (d) The next path the laser must hop to. (¢) Once the mode has reached its limit

the algorithm must hop to a different mode. (f) The next path the laser must hop to.

In Figure 5.3 (a) the laser starts on the top most dotted path. It reaches the end of

the path and jumps onto the adjacent path pointed to by the arrow in Figure 5.3 (a)

which is also the dotted path in Figure 5.3 (b). The laser continues on he dotted path

in Figure 5.3 (b) until it hits the end of the path and hops to the path pointed to by the

arrow in Figure 5.3 (b) which is also the dotted path in Figure 5.3 (c). The main point

of Figure 5.3 (a)-(f) is that the path the laser takes corresponds to a ramp motion with

respect to the front mirror.
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Tuning Characteristics (Left Mirror Constant)
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Figure 5.4 - A y-axis closc up of the tuning algorithm. A close up of the tuning algorithm showing how the

laser paths are chosen to avoid hysteresis. (1) Initial path uscd to avoid hystcretic region a. (2) Stable path

to travel from path 2 to 3. (3) Stablc path used to avoid hysteretic region b. (a) Hysteretic rcgion which

could affcct transfer from path 1 to path 2. (b). Hysterctic region which could affect transfer from path 2 to

path 3.

Figure 5.4 shows the factors which decide whether the laser hopes to a new

operating path. Jumping to a new operating path involves changing both the front

mirror and back mirror current. The dotted squares in Figure 5.4 signify the area

where the particular path is unreliable. Therefore, notice that instead of jumping right

onto the path surrounded by the dotted square under Path (1) in Figure 5.4, the

algorithm continues on Path (1) in Figure 5.4 until a stable portion of Path (2)

appears which avoids Hysteretic Region (a) in Figure 5.4. The algorithm will then
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‘ switch from Path (1) in Figure 5.4 to Path (2) in Figure 5.4. The algorithm traverses
the Path (2) in Figure 5.4 until another unstable region in stumbled upon (Hysteretic
Region (b) in Figure 5.4). The algorithm then finds the next reliable path (Path (3) in

Figure 5.4) and travels on that path until it turns unstable or the path ends.
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Figurc 5.5 - Initial non-repeatablc tuning ramp. The figurc shows a tuning ramp dcveloped where the back
and front mirror currcnts werc not choscn according to the tuning algorithm (which will be prescnted in
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Figure 5.6 - Repeatable tuning ramp. The front mirror and back mirror voltage values were chosen in

accordance to the tuning algorithm (which will be presented in Figure 5.7) described in Fignre 5.3 and in

Figure 5.8. “BM Current™ and “FM Current” correspond to the left y-axis. “Wavelength” corresponds to

the right y-axis.

Figure 5.6 shows that there is a method to tuning both mirrors in order to produce a

tuning ramp. In Figure 5.6 the front mirror voltage increases almost linearly as the

back mirror voltage increases in a parabolic pattern. In Figure 5.6 the line marked

with triangles represents the lasing wavelength for each set of front and back mirror

points. Figure 5.6 differs greatly with the non-repeatable results in Figure 5.5 due to

the fact that in Figure 5.5 the injection currents take on more of a less defined

pattern.

Figure 5.6 shows that the wavelength changes in a somewhat linear fashion. Note

that in Figure 5.6., (for the most part) each mirror’s injection current is changing
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‘ slowly, leading to few large swings in current density. A large swing in injection
current in noted by the discontinuous drops in the graph. Avoiding frequent large
swings in injection current helps maintain lasing repeatability. Also, those swings in
injection current are a key insight into how the tuning mechanism works and by

examining Figure 5.8, one will understand why those swings occur.

Figure 5.6 shows that when the front mirror experiences a large change in injection
current, the back mirror increases steadily and vise versa. This gradual change is
important to maintain stability and repeatability of the tuning ramp. As a result to
Figure 5.6 it shows that there is an ability to write a mathematical algorithm for the
tuning ramp. Though this report involves using a fixed lookup table to define a linear

ramp, the figure above shows that the same ramp can be constructed

’ mathematically using programmable function generators.
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. Figure 5.7 - The tuning algorithm. Mirror eurrent control necessary to produee a tuning ramp. (a) Starting

path 1568nm — 1564nm. (b) 1564nm — 1560nm. (¢) 1559nm — 1554nm. (d) 1552nm — 1547nm. (e¢) 1546nm —
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labeling them. These are alternate tuning routes.

Figure 5.6 showed the basic algorithm (or method used to manipulate the front and
back mirror injection currents) necessary to produce a continuous downward
wavelength ramp from 1566nm to 1520nm. Now that same algorithm will be
discussed using the tuning characteristics shown in Figure 5.7. Starting on path (a) in
Figure 5.7 one can move in a linear ramp between front mirror current and back
mirror current outward. Once reaching the end of the path shown in Figure 5.8 (a)

one moves to Figure 5.7 (b) and continues in the same fashion until reaching Figure
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. 5.8 (i). A tuning path in Figure 5.8 can be characterized by the following equation.
Basically, increased the front and back mirror currents in a manner which keeps their
ratio of change constant will allow for the tuning of a decreasing wavelength ramp.

The arrows in Figure 5.7 point in the direction of decreasing wavelength.

Essentially, the discontinuous portions of Figure 5.6 signify tuning path changes in
Figure 5.8. For example, switching from path (b) in Figure 5.8 to path (b/c) in Figure
5.8 will cause a discontinuous change in front mirror current, yet during the same
path change (path (b) in Figure 5.8 to path (b/c) in Figure 5.8) the back mirror current

is ramped linearly.

‘ Tuning Ramp (64 Points)
i - 0.4
1565 - HE - T
‘\\\ R Desired
-y s i \ 8 0.3 Wavelength
£ 1555 | - | _
£ \ -
& 1| S 1+ 0.2 g Output
3 ' i = Wavelength
% 1545 1 \\_ } 015 &
= 1540 - a\ a4
1535 = 0.05 Error
1530 Lo
1 5 9 13 17 21 2529 33 37 41 45 49 53 57 61
Sample Number

Figure 5.8 - Reproducible tuning ramp results. The desired wavelength ramp was a ramp devolved from
data taken 1 week before the output wavelength linear curve. This shows repeatability between the two

tests. The tuning ramp above was used in all OCT calculations discussed in the report. “Desired
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‘ Wavelength™ and “Output wavelength correspond to the left y-axis while “Error™ corresponds to the right

y-axis.

Figure 5.8 shows data from a repeatability experiment done on a tuning ramp
created using the algorithm shown in Figure 5.7. In Figure 5.8, “Desired Wavelength”
represents the lasing wavelengths of a test-run upon the initial creation the lookup
table used to program the tuning ramp. “Output Wavelength” represents the same

lookup table used to create a tuning ramp one week later.

The line marked by triangles in Figure 5.8 signifies the error at each point, the error
is signified on the right y-axis. Notice the error is within .5nm. The sources of error for
this measurement are due to the fact that there is no feedback mechanism. Also the
. current sources employed in this application are vulnerable to temperature changes
(they will be introduced in Chapter 5) and do not output a consistent current. Using

more reliable current sources is a key factor to creating a more reliable tuning ramp.

In conclusion, this section showed that is was possible to create a reliable

wavelength tuned ramp using the Agility 1107 Laser.
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‘ CHAPTER 6 OCT System Design and Measurements

This chapter will discuss the basics for making OCT measurements and also discuss
the system constructed.

6.1 OCT System Design

As stated earlier the OCT system in this report will used the Stepped Ramped
Wavelength Architecture. The Stepped Ramped Wavelength Architecture takes
advantage of the fast switching capabilities of the SGDBR laser. Using this type of
laser as the source component will allow for faster data collection and higher
resolution. Figure 6.1 is a schematic showing the chirped laser architecture with an
SGDBR laser as the source component. The circuitry for the current control is also

included. The numbers in the diagram correspond with the explanations following the

. figure.
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‘ Figure 6.1 - OCT System Schematic.

1. Labjack U12 — The Labjack U12 is a D/A which is used to select injection
currents for the front and back mirror of the Agility 1107. The D/A reads
voltages from a lookup table stored on the computer designed to output a
tuning ramp from the Agility 1107. This is the bottleneck in the system which
slows down the injection current tuning leading to the inability of this specific
system to take advantage of the fast switching wavelength of the SGDBR
laser. In future research it would be more efficient to use a faster D/A or use a
current controlled source which can be programmed via GPIB. This would

ensure reliable injection currents at a fast tuning rate.

‘ in between the Labjack are V-| converters which convert the D/A voltage
output of the Labjack into currents. Their output can be described by the

relation below in (5.1).

+5V

e s
Protectlor?[\
Diode -~

Figure 6.2 - V-1 Converter used in this report. (5.1) describes how the circuit converts a voltage to a

current.
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i BT (5.1)

In 5.1 Vi, is the output value of the Labjack while R, is the resistor value
corresponding to the current conversion for the mirror. The current sources
used in this report were not immune to temperature fluctuations. Meaning for
a particular input voltage, the output current varied based on temperature. It
would be prudent in future research to use a programmable current source as

the source components.

Figure 6.3- Labjack U12 D/A. Image from: www.labjack.com
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Figure 6.4 — Agility 1107 manual test board. [13]

. 2. Interface Board — The interface board shown in Figure 6.4 takes currents
from the Labjack U12 D/A and provides currents for the phase, gain, and
SOA sections of the laser and converts them to a parallel butterfly
connection. The problem with this connection is that it is inherently slower
than making RF connection strait to the pins of the laser. A fast design would
not only make the RF connections strait to the laser’'s package pins but also
by pass the packaged laser all together. Making the RF connections strait to
the laser via wire bonds will yield the fastest tuning speed and is an area for
further exploration.

3. ILX Lightwave LDC-3700 Series — The ILX Lightwave LDC-3700 provides the
TEC control for the laser. This is important for wavelength stability. For all
experiments other then temperature dependent experiments, it will be set to

20°C. As shown earlier, the temperature of the laser has a large effect on the
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‘ lasing wavelength. The main point to realize is that since the system is an
open-loop system, the lookup table for the source needs to be run at the
same temperature the lookup table was designed for. Any change in
temperature will slide the results or put the laser in hysteresis.

4. Network Analyzer — The network analyzer provides the modulation signal to
the optical modulator. It also provides as a tool for phase calculations. The
phase and magnitude are then sent to the computer and Inverse Fourier
transformed. A computer program then queries the network analyzer for the
magnitude and phase of the signal from the DUT. The inverse Fourier
transform of the data from the network analyzer can then be taken by using
Labview functional elements.

5. Electrical Amplifiers — The amplifiers amplify the electrical signal used to

. modulate the tuning ramp and also modulate the signal from the DUT. They
help provide the proper signal-to-noise ratio so that the measurements can
be processed accurately by the network analyzer.

6. Optical Modulator — The optical modulator modulates the ramped signal
emitted from the Agility 1107. Figure 6.2 shows a characterization of the
modulator with respect to the photo detector voltage. The goal is to operate
the optical modulator in its linear region such as to maintain a sinusoidal
modulation with the least distortion. Figure 6.2 shows that linear region
surrounded by the dotted box in Figure 6.3. The bias used for this report was

-1.2 V.
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Figure 6.3 - Optical modulator transfer function. The dotted box shows the linear region of optical

modulator.

7. Photodiode — The photodiode converts the reflected optical signal from the

DUT to an electrical signal so that it may be analyzed by the electrical

network analyzer. It was found that if the photodiode was biased, it helped

increase the output current induced by the photons from the DUT. The

reverse bias value used for this report was 5 volts.

8. DUT — Device Under Test. Two devices were tested to display functionality of

the OCT system. The first device was a fiber optic cable; the second device

was a fiber optic interferometer. The results of the two tests will be discussed

later.
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Figure 6.4 - A pieture of the modulation/amplilier subsystem.

6. 2 Basic Measurement
There are two steps in the signal processing the first is producing the modulated
signal, the second is processing the magnitude and phase from DUT. The first step

involves the taking data in the Fourier Domain.
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Figure 6.5 - The setup for a basie OCT measurement. (Figure 2.9 shown again).

A. First a wavelength is emitted from the laser and is modulated by a constant
modulation frequency (130MHz was used in this report). The equation for this
calculation is shown in (2.2).

B. The optical signal is modulated by the optical modulator. This modulation

allows a reference to compare points in the Fourier domain. The comparison




ONR Grant No. N00014-06-1-1111 P.L.: Susan C. Opava. Ph.D.

is done internally within the network analyzer. The magnitude and phase are
queried from the network analyzer at the end of the measurement.

C. The signal strikes the DUT. The DUT can range to anything from a fiber, to
body tissue, to mechanical components. Anything which reflects/transmits
within the lasing region of the laser al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>