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1    5th Year Executive Summary 

This report summarizes the fifth year of the MURI in RF Photonic Systems which assem- 
bles the University of Colorado, the University of California-Davis, Montana State University, 
and George Mason University into a systems oriented research team investigating the ap- 
plication of photonic techniques to the control and processing of RF phased arrays. Under 
this MURI funding, the prime contract is administered through the University of Colorado 
tmder the direction of Prof. Kelvin Wagner. 

Photonic techniques have emerged as the preferred approach to RF communication and 
remoting tasks throughout the microwave/millimeter-wave bands, when size, weight, power, 
and dispersion free bandwidth are key factors. In addition, applications such as controlling 
time delay, spectral filtering, mixing, frequency generation, antenna array control, beam 
forming, wide-band signal processing, and target recognition are being implemented opti- 
cally Much of this development has been driven by the evolution of high frequency photonic 
devices such as 100 GHz detectors, 40 GHz modulators, 20 GHz lasers, and 3 THz fiber optic 
transmission and delay lines. Often these technologies have been used as direct replacement 
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of individual RF components with their optical counterparts, relying on the smaller size 

and hghter weight of the optical components and waveguides to yield a resulting system 

advantage. More sophisticated applications utilize the incredibly large bandwidth of opti- 

cal transmission to simultaneously wavelength-multiplex a large number of RF signals for 

efficient parallel transmission or to control the element time delays through dispersion. The 

approach of this MURI team takes RF photonics to an even higher level of sophistication, in 

which the massive parallelism possible using dynamic volume holography in photorefractive 

and photon-echo materials enables the implementation of optimal adaptive and nonhnear 

algorithms for array processing in the optical domain. 

The system research groups comprising this MURI team have pursued several differ- 

ent avenues towards one common goal of inserting photonics into RF array systems.   We 

have developed solutions that build on the strengths of each approach, and identified the 

optimal combination of devices, materials, algorithms, and systems.   The BEAMTAP ap- 

proach (Broadband and Efficient Adaptive Method for True-time-delay Array Processing) 

has been investigated theoretically and implemented experimentally to demonstrate efficient 

adaptive beam forming using acousto-optic deflectors, traveling-fringes detectors, and pho- 

torefiractive adaptive weights. The novel physics of optical coherent transients (OCT) have 

been developed for appfications as programmable RF time delays as well as array signal 

processors, since these nonlinear materials can directly produce the necessary delayed RF 

signals as photon echoes.   Both of these approaches utilize coherent beam forming in the 

optical domain which can improve the noise figure of optically remoted arrays and opti- 

cal novelty filtering developed at CU can enable robust RF signal combination even in the 

presence of phase errors and drifts. Optically controlled quasi-optical active antenna arrays 

provide a near term test vehicle for optically controlled arrays, allowing rapid switching 

between polarizations, transmit/receive (T/R) mode, and frequency response, and in addi- 

tion, demonstrate the capability of producing multiple simultaneous true-time-delay (TTD) 

beams as a front end for beam-space adaptive optical processors. Optical nonlinearities have 

been explored as an approach to dynamically solving the problem of signal extraction from 

small RF antenna arrays.   Practical polymeric in-Une fiber (PILE) modulators with high- 

speed coplanar waveguide (CPW) electrode structures have been developed as the front end 

RF-to-optical transducers for the antenna arrays.   All of these efforts have been tied to- 

gether by investigations of spatio-temporal signal processing algorithms compatible with RF 

photonic technology, which allows us to evaluate and compare the various optical systems 

techniques being investigated. As an example system developed as a unique collaboration 

between MURI team members, an RF antenna array has been coupled into a photorefractive 

optical system for extracting the principle component in the RF signal environment, and the 

resulting system has been packaged as a portable suitcase demonstrator. 



MURI in RF Photonic Systems for Arrays - 5th annual report 3 

Contents 

1 5th Year Executive Summary 1 

2 Education, Presentations, Outreach, and Management 4 
2.1 MURI Team  4 

2.1.1    Principal Investigators  4 
2.2 Students, Post-Doctoral Researchers, and other Personnel  4 

2.2.1     Students Graduated from the MURI program  6 
2.3 Meetings  g 

2.3.1    5th year MURI team Interactions  6 
2.4 Additional Collaborations and Related Research .  6 

2.4.1    Other related grants  7 
2.5 Awards and Honors for the Pis and students  8 
2.6 MURI Publications  9 

2.6.1 Papers published in 2002 (since 8/15/01)  9 
2.6.2 Conference Presentations during 2002 (since 8/15/01)  11 
2.6.3 Patents and Applications  I3 

2.7 Classes taught by Pis relating to MURI research  13 



MURI in RF Photonic Systems for Arrays - 5th annual report 4 

2    Education, Presentations, Outreach, and Manage- 

ment 

2.1    MURI Team 

This MURI effort has directly or indirectly funded the 6 principal investigators, 5 post- 

doctoral or visiting research scientists, 17 graduate students, 11 undergraduate students, 2 

research assistants, and fractions of a financial manager and secretary. 

2.1.1    Principal Investigators 

The original MURI team of 6 Pis was joined by Andre Knoesen from UC Davis in 

year 2 year, replacing Ted Weverka. Prof. Andre Knoesen worked on PILF modulators 

on a seperately funded subcontract which ends this year. Weverka's project on coherent 

optical beam combination for phased array processing is being continued at the University 

of Colorado as the required front end to the BEAMTAP processor. 

Table 1: Principal investigators involved in the RF Photonic Systems program. 

Researcher Department Institution 

Prof. Kelvin Wagner ECE/OCS CU-Boulder 

Prof. Zoya Popovic ECE CU-Boulder 

Prof. Dana Anderson JILA CU-Boulder 

Prof. William Randall Babbitt Physics Montana State University 

Dean Lloyd Griffiths ITE George Mason University 
Prof. Andre Knoesen ECE UC-Davis 

2.2    Students, Post-Doctoral Researchers, and other Personnel 
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Table 2: Undergraduate students who have been involved in MURI related research dur- 

ing the past year. Again, those who worked on closely related projects in collaboration 
with the MURI effort are indicated by *. 

Undergrad Status Position Advisor Dept. Inst. 
Eric Hoyt graduated BS/MS 12/02 Undergraduate Wagner OCS CU 
John Jost Assistant Undergraduate Anderson Phys CU 
Joe Fischer* graduated 6/02 Undergrad Babbitt Physics MSU 
Zeb Barber graduated 6/03 Undergrad Babbitt Physics MSU 
Jesse Law continuing Undergrad Babbitt Physics MSU 

Table 3: MURI personnel indicating those 

on closely related projects in collaboration 
funded by this program. Those who worked 

with the MURI effort are indicated by *. 

Researcher Status Position Advisor Dept. Inst. 
Andrew Kiruluta 6/02-11/02 Post-doc Wagner OCS CU 
Steve Jia continuing Grad student Babbitt Physics MSU 
Mingzhen Tian continuing Research Scientist Babbitt Physics MSU 
Diego Yankelevich 3/99-present Adjunct Prof. Knoesen EE Davis 
Joe Shamir 9/02-10/02 Visiting MURI fellow Wagner OCS CU 
Edilene Fotheringham continuing Grad Student Anderson JILA CU 
Greg Kriehn DoD fellowship Grad Student Wagner OCS CU 
Priso Schlottau continuing Grad Student Wagner OCS CU 
Paul Smith* continuing Grad Student Popovic ECE CU 
Jan Peeters Weem PhD finished 6/02 Grad Student Popovic ECE CU 
Jacques Hong Loui continuing Grad Student Popovic ECE CU 
Bob Peters* MS finished 8/01 Grad Student Babbitt Physics MSU 
Randy Reibel Graduated 8/02 Grad Student Babbitt Physics MSU 
Hongyan Li continuing Grad Student Babbitt Physics MSU 
John Campbell continuing Grad student Knoesen EE Davis 
Liu Ming Wu continuing Grad student Knoesen EE Davis 
Leslie Czaia continuing Prof. Res. Asst. Anderson JILA CU 
John Getty EE engineer Babbit Physics MSU 
Norm Williams Machinist Babbit Physics MSU 
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2.2.1      Students Graduated from the MURI program 

1. Jan Peeters Weem, June 2002, CU, ECE, PhD, Popovic. Thesis title: "Broadband 

antenna arrays and noise coupUng for radio astronomy." 

2. Randy Reibel, August 2002, MSU, Physics, PhD, Babbit. 

3. EdeUne Fotheringham, May 2003, CU, ECE, PhD, Anderson. Thesis title: "Microwave 

signal processing with photorefractive dynamic holography." 

4. Greg Kriehn, May 2003, CU, ECE, PhD, Wagner. Thesis title: "Coherent optical 

signal processing for broadband adaptive phased-array antennas using the BEAMTAP 

algorithm." 

2.3 Meetings 

The Boulder team met weekly to exchange information, make presentations, as well as 

to discuss technical and management details. The entire MURI team gathers once or twice 

a year for intellectual exchange, discussions, and review regarding scientific progress during 

the year. One of these meetings is primarily an internal MURI meeting, and the other is a 

formal- review for programmatic purposes. Our third annual review was held in Boulder on 

October 12 2000 conjunction with the UCLA MURI review on October 13. Plans for the 

4th annual review to be held in Washington DC on Nov 30, 2001 were put on hold when the 

Program Manager, Dr. Steve Pappert of SPAWAR, took a leave from the government. 

2.3.1    5th year MURI team Interactions 

1. Prof. Popovic's group has collaborated mainly with Prof. Anderson's group at CU, 

and somewhat with Prof. Griffiths at MSU. 

2. Prof. Popovic visited Prof. Knoessen's group at UC Davis and gave a graduate semi- 

nar, October 2002. 

3. Prof. Babbitt visited UC-Boulder in November of 2002. 

2.4 Additional Collaborations and Related Research 

The MURI has enabled a wide variety of collaborations among the Pis as well as with 

other groups. In this section some notable collaborations are discussed and outgrowths from 

the MURI into new areas are mentioned. 
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1. Prof. Joseph Shamir of the Technion in Israel was the MURI fellow and visited Prof. 

Wagner's group between Aug. and Sept. of 2001 and between Sept. and Oct. of 2002. 

2. Prof. Vitaly Voloshinov of Moscow State University in Russia was the MURI fellowship 

visitor to Prof. Wagner's group to work on acousto-optic devices, Nov 11-21, 2001. 

3. Prof. Babbit explored Raman amplification at 793nm for OCTs with Directed Energy 
Systems of Colorado Springs in the Fall of 2002. 

4. Two graduate students under the supervision of Prof. Popovic have been for 3 months 

at the NFRA facility at Dwingeloo (Jan Peeters Weem and Eric Bryerton). Several 
papers have resulted from this collaboration. 

5. Technishe Universitat Munchen (Germany) and Univ. of Karlsruhe (Germany): Two 

German students, Holger Matern and Johannes Russer were sent (and supported by 

their home country) to work in Prof. Popovic's group on their MS theses in the area 

of RF photonics. Holger developed a 5-channel electrooptic modulator and Johannes 

is finishing a fast optically-controlled microwave phase shifter. 

2.4.1    Other related grants 

1. Profs. Popovic and Wagner submitted new proposals on optical processing of RF 

signals from broadband RF antenna arrays. Any subsequent grant will be a direct 
result of the Co-PI's joint work under this MURI. 

2. Prof. Popovic and Anderson have received a follow-on grant from NSF to expand the 

optical processing to wireless communications. This grant is now ending, and they 

submitted a follow-on proposal to the NSF ITP program, Dec. 2002. The proposal is 
currently under review. 

3. "High Performance Correlators based on Spectral Hole Burning Technology," NASA, 

PI: Alan Craig, $5,096,000, 4/99-4/03. PI changed to W. R. Babbitt in 12/2001. 

4. Prof. Babbit received an award from Montana Board for Research and Commercial- 

ization of Technology: matching grant for the MURI grant $7,810, 5/01-5/02. 

5. "Consortium for Stable Laser Applications," NSF Partners for Innovation (PFI), PI: 

Alan Craig, co-PI Jim McMillan, $598,553, 10/01-9/03, changed PI to W. R. Babbitt 
in 12/01. 

6. "Applications of Optical Coherent Transient Technology: Pulse Shaping, Spectral Fil- 

tering, Arbitrary Waveform Generation, and RF Beamforming," AFOSR/ DEPSCOR, 

PI: W. R. Babbitt, co-PI: Mingzhen Tian, $310,067 plus $155,034 match, 7/02-7/05. 
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7. "Wide-Bandwidth and Multidimensional Analog Signal Processing," DARPA, Lead: 

W. R. Babbitt, Co-PIs Kelvin Wagner, Univ. of Colorado and Randy Equall, Scientific 

Materials Corp., and Kris Merkel, Krishna Rupavatharam, and Rufus Cone at MSU, 

$1.9M, 10/02-9/04. 

8. "Spatial Spectral Coherent Holographic Integrating Processor-S2-CHIP: Device char- 

acterization, performance evaluation, and optimization," Montana Board for Research 

and Commercialization of Technology, PI: W. R. Babbitt, co-PIs: Kris Merkel and 

Mark Ivey,$149,420, 11/02-7/03, matched by NASA grant. 

9. Prof. Wagner, $60K subcontract to University Nebraska Lincoln for ONR proposal on 

Random Noise Radar. Title: Acoustooptic Delay Line/Correlator for random noise 

radar, 8/00 - 8/02. 

10. $350K Prof. Wagner PI, Real-time Multibeam Imaging and High-Resolution Spectral 

Analysis for Large, Wideband Antenna Arrays - submitted to NRO DII (National 

Reconnaissance OfEce Directors Innovation Initiative). $350,000 for 9 months. Status: 

Awarded on Dec 21, 2001, rescinded award due to NRO budget cut. 

11. $20K Prof. Wagner PI, Joint Optoelectronic Project Proposal - Double-clad Thulium 

doped fiber for use in a fiber amplifier for optical coherent transient experiments. An 

equipment proposal to the Joint Optoelectronics Project (JOP). Status AWARDED: 

$20,000 in custom optical fiber 

12. $i4.5K Prof. Wagner PI, NSF/CNRS collaboration, multidimensional photon echo 

optical processing, notice of award Jan 3 2000, in effect 2000-2004. 

13. Prof. Wagner, co-PI, $80K DEPSCOR subcontract from MSU, Optical coherent- 

transient time-delay control using acousto-optic distributed local oscillators, $80K, 

plus $40K CU matching 7/2002-12/2004. 

14. Prof. Wagner PI, Coherent Optical Array Processing, DARPA Analog Optical Signal 

Processing (AOSP) program, awarded in 2002. In effect 2002-2006. 

2.5    Awards and Honors for the Pis and students 

1. Best Poster Award granted to FViso Schlottau, Randy Babbit, Jean-Louis Le Gouet and 

Kelvin Wagner for the CPIA poster entitled "Spatial spectral holography for wideband 

spectral analysis," Nov. 2002. 
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2. MWP 2001 on Jan. 2002. Best student presentation runner-up: Priso Schlottau and 

Kelvin Wagner, "RF Photonics for Simultaneous Multiple TTD Beamforming for 2-D 

Antenna Arrays," IEEE Microwave Photonics Meeting, Long Beach, Oct 2001 (delayed 
to Jan. 2002). 

3. Prof. Kelvin Wagner was elevated to the status of fellow of the OSA (Optical Society of 

America) for "Contributions to adaptive spatio-temporal optical processing systems." 

4. Zoya Popovic and Dana Anderson both received the prestiguous Humboldt Award for 

Senior US Scientists from the German Alexander von Humboldt Stiftung (2001). 

5. Zoya Popovic received the HP/ASEE Terman Award for combined teaching and re- 
search excellence, October 2001. 

6. Zoya Popovic became a Fellow of the IEEE. 

7. Zoya Popovic received the Outstanding Speaker Award at the ONR Workshop on 

Challenges for Multifunctional Digital IVansmit Arrays, Marco Island, Nov. 2001. 

8. Zoya Popovic received the CU-Subaru Educator Spotlight Award, 2003. 

9. Prof. Babbit was awarded the Charles and Nora L. Wiley Faculty Award for Merito- 
rious Research and Creativity, 2002. 

10. Ph.D. student Randy Reibel received MSU's Graduate Achievement Award, 2003. 

11. Undergraduate student Zeb Barber was nominated a Goldwater Scholar (2002) and 
graduated with Highest Honors (6/2003). 

12. Randy Babbitt, became Director of Spectrum Lab, February 2002-present. 

13. Committee chairs for Randy Babbitt: Chair of program subcommittee. Holography, 

Wavemixing, Photorefractives, and Storage, Conference on Lasers and Electro-Optics, 

Long Beach, CA, May 2002. Chair of program subcommittee. Holography, Wavemix- 

ing, Photorefractives, and Storage, Conference on Lasers and Electro-Optics, Balti- 

more, MD, June 2003. Co-Chair, Spectral Holeburning, Single Molecules, and Related 
Spectroscopies 2003, Bozeman, MT, July 2003. 

2.6    MURI Publications 

2.6.1    Papers published in 2002 (since 8/15/01) 

1. Andrew Kiruluta, G. S. Pati, Gregory Kriehn, Paulo E. X. Silveira, Anthony W. Sarto 

and Kelvin Wagner, "Spatio-temporal operator formalism for holographic recording 
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and diffraction in a photorefractive based true-time-delay phased array processor," 

accepted for publication in Applied Optics, Sept. 2003. 

2. J. Shamir and K. Wagner, "Generahzed Bragg selectivity in volume holography," Ap- 

plied Optics 41(32), pp. 6773-6785, Nov. 2002. 

3. Paulo E. X. Silveira, G. S. Pati and Kelvin H. Wagner, "Optical Finite Impulse Re- 

sponse Neural Networks," Applied Optics, vol. 41, no. 20, pp. 4162-4180, 2002. 

4. Steve Blair and Kelvin Wagner, Gated Logic with Optical Sohtons, in "Collision-Based 

Computing", ed by Andrew Adamatzky, Springer-Verlag, UK, to be published in 2002. 

5. Paulo E. X. Silveira, G. S. Pati and Kelvin H. Wagner "Optoelectronic implementation 

of a 256-channel sonar adaptive array processor," to be submitted to AppUed Optics, 

2003. 

6. D. Z. Anderson, V. Damiao, D. Popovic, Z. Popovic, S. Romisch, A. Sullivan, "-70dB 

optical carrier suppression by two-beam coupling in photorefractive media," Applied 

Physics B, 72, pp. 743-748, 2001 

7. E. Fotheringham, S. Romisch, P. Smith, D. Popovic, D. Anderson and Z. Popovic, 

"A lens antenna array with adaptive optical processing," IEEE Trans. Antennas and 

Propagation, Special Issue on Wireless Communications, vol. 50, no. 5, pp. 607-617 , 
May 2002. 

8. H. Loui, J. Peeters Weem, Z. Popovic, "Dual-band dual-polarized nested Vivaldi slot 

array with multi-level ground plane," to appear in IEEE Trans, on Antennas and 

Propagation, 2003. 

9. J^Peeters Weem, Z. Popovic, "Noise coupHng in active phased array antennas," to be 

submitted to the IEEE Trans, on Microwave Theory and Techniques. 

10. P. Smith, E. Fotheringham, Z. Popovic, D. Anderson, "An optoelectronic implementa- 

tion of independent component analysis," to be submitted to IEEE Trans, on Circuits 
and Systems, August 2003. 

11. R. Reibel, Z. Barber, M. Tian, and W. R. Babbitt, "High bandwidth spectral grating 

programmed with hnear frequency chirps," J. Lumin. 98, 355-365 (2002). 

12. Z. Barber, M. Tian, R. Reibel, and W. R. Babbitt, "Optical pulse shaping using optical 

coherent transients," Opt. Exp. 10, 1145-1150 (2002) 

13. R. Reibel, Z. Barber, M. Tian, W.R. Babbitt, Z. Cole, and K.D. Merkel, "AmpUfication 

of high bandwidth phase modulated signals at 793nm," J. Opt. Soc. Am. B. 19, pp. 
2315(2002). 

14. R. Reibel, Z. Barber, J. Fischer, M. Tian, and W. R. Babbitt, "High Bandwidth Linear 

Sideband Chirped Programming for Optical Coherent Transients," to be published in 
2003. 
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15. J. Campbell, A. Knoesen and D. R. Yankelevich, "Measurement of the modulation 

efficiency of an optical phase-modulator using a self-homodyne receiver," IEEE Phot. 
Tech. Letters, vol. 14, no. 9, pp. 1130-1132, 2002. 

2.6.2    Conference Presentations during 2002 (since 8/15/01) 

1. G. Kriehn and K. Wagner, "Experimental Demonstration of Adaptive Phased-Array 

Signal Processing," (poster) Colorado Photonics Industry Association, November 2002. 

2. G. Kriehn, F. Schlottau, and K. Wagner, "Optically-Implemented 2-D Beam Steering 

and Jammer Nulling using BEAMTAP," Optical Computing, April 2002. 

3. G. Kriehn, F. Schlottau, G. S. Pati, and K. Wagner, "Demonstration of RF Photonic 

Beam Forming using the BEAMTAP Algorithm," General Electric Meeting, November 
2001. 

4. G. Kriehn and K. Wagner, "Experimental Adaptive Beam Forming with Polarization 

Read-Write Multiplexing using BEAMTAP," (poster) In The International Topical 

Meeting on Microwave Photonics, IEEE, Jan. 2002. 

5. G. Kriehn, "Optical Phased Array Signal Processing," (poster) Colorado Photonics 
Industry Association, November 2001. 

6. G. Kriehn and K. Wagner, "Experimental Adaptive Beam Forming with Polarization 

Read-Write Multiplexing using BEAMTAP," The International Topical Meeting on 
Microwave Photonics MWP 2001, January, 2002. 

7. Balakishore Yellampalle, Kelvin Wagner, and Steve Blair, "Anti-guide assisted spatial 

soliton logic gate," OSA topical meeting on Non-linear Optical Guided Waves, Como, 
Italy, Sept. 2002. 

8. Kelvin Wagner, Friso Schlottau, and Jaap Bregman, "Array imaging using spatial- 

spectral holography," lOG Information Optics meeting, Mannheim, Germany, Sept. 
2002. 

9. Alexandre R. S. Romariz and Kelvin Wagner, "Optoelectronic implementation of a 

FitzHugh-Nagumo neural model," Neural Information Processing System (NIPS), Van- 
couver, CA, Dec. 2002. 

10. Max Colice and Kelvin Wagner, "Phase-cohering holography for coherent analog opti- 
cal signal processing," GOMAC 03, Tampa FL, Apr. 2003. 

11. K. H. Wagner, M. Colice, G. Kriehn, F. Schlottau, and R. T. Weverka, "Photonics 

Multiple Beam Forming for Broadband RF Antenna Arrays," GOMAC 03, Tampa, 
FL, Apr. 2003. 

12. W. R. Babbit, K. D. Merkel, M. Tian, R. Krishna Mohan, Z. Cole, Y. Sun, Rufus R. L. 

Cone, K. H. Wagner, and R. W. Equall, "Optical-Coherent-Transient technologies for 
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wide-bandwidth and multidimensional analog signal processing, GOMAC 03, Tampa, 

FL, Apr. 2003. 

13. Kelvin H. Wagner, Zoya Popovic, Dana Z. Anderson, Randall W, Babbitt, Lloyd Grif- 

fiths, Andre Knoesen, "RF Photonic Systems for Array Control and Processing," In- 

vited MURI overview at GOMAC, Monterey CA, March 2002 

14. F. Schlottau and K. Wagner, "RF Photonics for Simultaneous Multiple TTD Beam- 

forming for 2-D Antenna Arrays," The International Topical Meeting on Microwave 

Photonics MWP 2001, January 2002. 

15. K. Wagner, Greg Kriehn, Priso Schlottau, Wideband All-optical BEAMTAP, The In- 

ternational Topical Meeting on Microwave Photonics MWP 2001, January 2002. 

16. G. Kriehn, F. Schlottau, and K. Wagner, "Optically-Implemented 2-D Beam Steering 

and Jammer Nulling using BEAMTAP," submitted to ICO Topical Meeting on Optics 

in Computing, SBIE, April 2002. 

17. Kelvin H. Wagner, Friso Schlottau, and Jaap Bregman, Array Imaging Using Spatial- 

Spectral Holography, submitted to ICO Topical Meeting on Optics in Computing, 

SPIE, April 2002. 

18. J.A. Hagerty, Z. Popovic, Passive Millimeter-Wave Ranging using Discrete Lenses with 

Wave-Front Coding, 2001 European Microwave Conference Digest, pp.421-424, Lon- 

don, Sept. 2001. 

19. J. Vian, Z. Popovic, "Smart lens antenna arrays," 2001 IEEE International Microwave 

Symposium Digest, pp.129-132. Phoenix, Arizona, 2001. 

20. D.jAnderson, E. Fotheringham, S. Romisch, P. Smith, Z. Popovic, "Smart antenna 

arrays with adaptive optical processing," IEEE Trans. Antennas and Propagation, 

Special Issue on Wireless Communications, pp. 607-617, May 2002. 

21. P. Smith, E. Fotheringham, D. Anderson, Z. Popovic, "Adaptive signal processing for 

microwave carrier broadband signals," 2003 GOMAC conference digest, Tampa, FL, 

April 2003. 

22. R. Reibel, Z. Barber, M. Tian, W. R. Babbitt, "Temporally Overlapped Linear Fre- 

quency Chirp Programming for True Time Delay AppUcations," poster, Holeburning, 

Single Molecules, and Related Spectroscopies, November 18-23, 2001, Taipei, Taiwan. 

23. M. Tian, R. Reibel, Z. Barber, W. R. Babbitt, "Broadband true-time delay in Tm:YAG," 

poster, Holeburing, Single Molecules, and Related Spectroscopies, November 18-23, 

2001, Taipei, Taiwan. 

24. M. Tian, R. Reibel, Wm. R. Babbitt, "Demonstration of broadband true-time delay 

with optical coherent transient," MWP'2001, January 2002, Long beach, CA. 

25. M. Tian, Z. Barber, T. Chang, R. R. Reibel, and W. R. Babbitt* (* Invited Speaker), 

"The Effects of Optical Nutation on Stimulated Photon Echoes," Holeburning, Single 
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Molecules, and Related Spectroscopies, November 18-23, 2001, Taipei, Taiwan.  (Re- 
lated work funded by AFOSR) 

26. M. Tian*, R. R. Reibel, Z. Barber, J. Fischer, W. R. Babbitt (* Invited speaker), 

"Optical Coherent TVansient True-time delay: Broadband programming methods," 

2002 Physics of Quantum Electronics Conference, Snowbird, UT, January 2002. 

27. Joe Fischer, Zeb Barber, Randy, Reibel, Mingzhen Tian, and Randy Babbitt, "Linear 

Phase Chirp Programming for OCT's," Optec2001, (Bozeman, MT, August, 2001) 

28. M. Tian, R. R. Reibel, Z. Barber, J. Fischer, and W. R. Babbitt, "Optical Coherent 

Transient True-Time Delay Generator Programmed with Linear Phase Chirp," in Con- 

ference on Lasers and Electro-Optics, Technical Digest (Optical Society of America, 
Washington DC, 2002), May 2002, Long Beach, CA. 

2.6.3    Patents and Applications 

1. Invention disclosure submitted: P. Smith, D. Anderson, Z. Popovic, E. Fotheringham, 

"A dynamic system implementation of analog optical independent component analy- 
sis." 

2. K. D. Merkel, Z. Cole, K. Rupavaratham, W. R. Babbit and K. H. Wagner, US Patent 

Application No. PCT/US03/14,612, "Method and Apparatus for Processing High 

Time-Bandwidth Signals Using a Material with Inhomogeneously Broadened Absorp- 
tion Spectrum." 

2.7    Classes taught by Pis relating to MURI research 

1. Dr. Wagner and Dr. Anderson jointly taught a graduate-level Advanced Optics Lab 

in Fall of 2001 developed for interdisciplinary students with interests in Chemistry, 

Physics, and Electrical Engineering. Several of the MURI graduate students were 
involved either as TAs or in taking the class. 

2. Zoya Popovic taught a class in RF-optical techniques at the Technical University in 

Munich in 2001. This was a part of an ongoing collaboration. She will teach again in 
the summer of 2003. 

3. Kelvin Wagner taught CU ECEN 6006, Applied Photonics, new course developed to 
be the second course in the new core optics curriculum. Spring 2002. 

4. Kelvin Wagner taught CU ECEN 4016/5016, Fundamentals of Photonics, new intro- 

ductory course developed as an introduction to the optics core curriculum. This was 
the second offering of this course, and the first by Prof. Wagner. 
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5. Randy Babbitt taught MSU Physics 353, Holography-Laser Photography, Spring 2001, 

undergraduate. Spring 01 (Randy Babbitt), Spring 02 (Randy Reibel taugth it. Randy 

Babbitt was the mentor). 
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