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Conference Overview
The 21st conference on coherent laser radar technology and applications is the latest in a series beginning in
1980, which provides a forum for the exchange of information on recent events, current status, and future
directions of coherent laser radar (coherent lidar) technology and applications

This conference was founded by the late Mr. Milton Huffaker, founder and CEO of Coherent Technologies, Inc.

The conference serves as a forum for the exchange of current and future developments within the field of
coherent laser radar and wind lidar including direct detection wind lidar. This will include both oral and poster
abstracts.  It is intended that the meeting will highlight recent advancements in the field, including component
technology and instrumentation, systems (surface, airborne, and space-based), measurements and processing
techniques, and emerging requirements for coherent laser radar applications.

CLRC Conference Chair

Dr. Upendra N. Singh

NASA Technical Fellow for Sensors and Instrumentation at the NASA Engineering and Safety
Center, NASA Langley Research Center is an internationally recognized atmospheric scientist
and laser remote sensing expert with 30 year’s experience.

Technical Committee:

Krishna Rupavatharam, Montana State University, Bozeman, USA   (Committee Chair)
Shoken Ishii, TMU, Japan
Stephan Rahm, DLR, Germany
Stephen Crouch, MPIA, Bozeman, USA
Zeb Barber, Aurora Innovation, USA
Philip Gatt, Lockheed Martin Coherent Technologies, USA
David Rabb, Wright Patterson, AFRL, USA
Michael Harris, ZXLidars, UK
Michael Kavaya, NASA Langley, USA
Jean-Pierre Cariou, Leosphere, France



Local Organizing Committee:

Trenton Berg Dana Terry Jason Yager

MPIA / Aurora Innovation MPIA MPIA/Vision Aerial

(CLRC Committee Chair) (CLRC Admin)

Krishna Rupavatharam Zeb Barber Stephen Crouch

Montana State University Aurora Innovation MPIA



Past Conferences

Year
Location

Chair Co-chair

I 1980 Aspen, CO USA Huffaker Huffaker

II 1983 Aspen, CO USA Huffaker Vaughan

III 1985 Great Malvern, UK Vaughan Huffaker

IV 1987 Aspen, CO USA Bilbro Werner

V 1989 Munich, Germany Werner Bilbro

VI 1991 Snowmass, CO USA Hardesty Flamant

VII 1993 Paris, France Flamant Menzies

VIII 1995 Keystone, CO USA Menzies Steinvall

IX 1997 Linkoping, Sweden Steinvall Kavaya

X 1999 Mount Hood, OR USA Kavaya Willetts

XI 2001 Great Malvern, UK Willetts Heinrichs

XII 2003 Bar Harbor, ME USA Heinrichs Asai

XIII 2005 Kamakura, JAPAN Asai Henderson

XIV 2007 Snowmass, CO USA Henderson Dabas

XV 2009 Toulouse, France Dabas Spiers

XVI 2011 Long Beach, CA, USA Spiers Belmonte

XVII 2013 Barcelona, Spain Belmonte Gatt



XVIII 2016 Boulder, CO USA Gatt Ishii

XIX 2018 Okinawa, JAPAN Ishii Rahm

XX 2020 Garmisch-Partenkirchen,
Germany (Canceled due to the
Global COVID-19 Pandemic)

Rahm Singh

Details of the next CLRC, CLRC XXII will be shared at the conference.

Acknowledgment

We are dedicating this 2022 Coherent Laser Radar Conference to late Dr. Milton Huffaker, the founding 
Chairman of the CLRC and a giant in the Coherent Lidar discipline. We will be hosting a special celebration 
during the Plenary session to celebrate Milton’s contributions and achievements for the lidar world. Milton 
has always financially supported the students to attend the CLRC. We are extremely thankful to his family 
who has maintained the tradition which allows students from three continents to attend the 2022 CLRC. On 
behalf of the Organizing Committee, I would like to acknowledge Milton and thank his family for their 
support to CLRC. 

I am extremely grateful and proud of our CLRC Local Organizing Committee, led by Trent Berg, and 
admirably supported by Dana Terry, Jason Yager, Krishna Rupavatharam, Zeb Barber, and Stephen Crouch. 
Furthermore, I would like to recognize Gary Gimmestad and Randy Babbit for teaching and leading the 
student tutorials.  I would like to specifically acknowledge Trent for his exceptional leadership in guiding a 
very talented group of individuals during the last two years and in organizing this in-person conference 
during the pandemic period. Acknowledgements are also due to the Technical Committee and CLRC 
Advisory Committee for their support and assistance during the planning and execution of this conference.

This conference would not be possible without the tremendous enthusiasm of sponsors, exhibitors, students, 
and technical participants from all the continents. Special mention is due to the City of Bozeman, Montana 
Department of Commerce, Montana State University Innovation Campus, Next Frontier Capital, Aurora 
Innovation, Inc., Huffaker Family, and others for the generous sponsorship and financial support for the 
conference. I am also thankful to our Plenary Speakers: Dr. Karen St. Germain, Clayton Turner, and Dr. 
Michael Hardesty.

It was a privilege to work with so many dedicated and talented individuals on the organizing, program, 
advisory, and technical committee. To all of them, I remain indebted forever.  

Upendra N. Singh
2022 Coherent Laser Radar Conference 
Big Sky, Montana
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List of Exhibitors
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Quartus Engineering Lattice Materials



Venue

Location

The conference is being held at Big Sky Resort in Big Sky, Montana

The Big Sky Resort is in the quintessential summer basecamp to the wonders of Yellowstone National Park
and beyond. Home to wide-open spaces, blue-ribbon trout rivers, endless miles of trails, and fascinating
mountain vistas, a retreat to natural spaces and mountain adventure awaits in Big Sky.  With Lone Peak as the
backdrop, Big Sky Resort is a summer adventure hub with lift-service mountain biking trails, meandering and
scenic hiking, world class golf, and so much more. When the sun sets late in the evening, explore the heart of
it all in Big Sky’s Mountain Village, with shopping, dining, spa treatments, and the newly remodeled Huntley
Lodge and Summit Hotel.

Registration and Information
Registration will occur in the Foyer at the Huntley Lodge Building, in front of the Missouri Ballrooms.

June 26 (Sunday) 
June 27 (Monday) 
June 28 (Tuesday) 

16:00 to 19:00 
06:30 to 10:00 
06:30 to 10:00 

If you need assistance and no one is available for questions, please contact Dana Terry at 406-570-8206.



Conference Sessions

Technical Sessions

Technical Sessions will be held in the Missouri Ballrooms, located in the lower level of the Yellowstone
Conference Center of the Huntley Lodge on June 27 (Monday) to July 1 (Friday).

Poster Session

A Poster Session will be held on June 27 (Monday).  The poster session will be in the Lake and Canyon
conference rooms in the Lower Level of the Huntley Lodge.  The setting-up of posters for the poster session
will be from 8:00 to 11:30 on June 27 (Monday). Participant’s posters will be organized according to the agenda
listed in the conference program. Each author will be provided a 4 foot height by 6 foot width poster mount to
hold and display their poster. Push pins will be provided. Appetizers and beverages will be available throughout
the poster session.

Exhibitors

Exhibits will be on display in Jefferson Conference room which is part of the Missouri Ballrooms in the Lower 
Level of the Huntley Lodge. The exhibitors will be available throughout June 27 (Monday), June 28 (Tuesday), 
and June 29 (Thursday) according to the master schedule.  Please stop by and visit the exhibits.

Oral Presentation Instructions

Oral presentations for contributed papers should be a maximum of 15 minutes plus 5 minutes for discussion 
with the audience and change of speaker. For invited papers the corresponding times are 25 minutes plus 5 
minutes. The submitted extended abstracts will be compiled and posted on the 2022 CLRC website after the 
conference.  The oral presentations can also be made available subject to the authors' consent. 

Poster Presentation Instructions

A poster author or coauthor is required to stand by the poster during the poster session to answer questions from 
attendees. It is your responsibility to remove your poster.  Posters not removed will be considered unwanted 
and will be discarded. Poster presentations and 4-page summary papers will be posted on the 2022 CLRC 
website after the conference.



Conference Logistic

Floor Plan

Wi-Fi Information

Activate your computer’s wireless radio and select the following network.

Big Sky Resort Wifi Guest
No password



Lunches

Lunch is on your own as Big Sky Resort offers many options throughout the resort.  Please follow
this link for options: https://bigskyresort.com/resort-dining

Welcome Reception
On June 26 (Sunday), all of the participants and registered guests are invited to join a welcome reception in the 
Huntley Dining Room.  The welcome reception will begin at 18:00 with heavy appetizers that  include: bison 
wontons with huckleberry chili sauce, shrimp toast with spicy aioli, portobello skewers with balsamic and feta, 
chicken lollipop with hoisin glaze and more. Along with complimentary tickets for a wide selection of spirits 
and mixers, domestic and local beer, house and soft drinks and sparkling water.  The evening will conclude at 
21:00.

Banquet Dinner
Join us for a complimentary Banquet Dinner starting at 18:00 June 28th (Tuesday) with welcoming remarks 
from the Vice President of Research, Economic Development and Graduate Education from Montana State 
University Jason Carter, Keynote Speaker, Joe Shaw, Director of Optical Technical Center from Montana State 
University, ending with the Commemoration of Milton Huffaker.   After which, you will enjoy a buffet-style 
dinner that will include grilled Bison Tenderloin, roasted Salmon, and a Vegetarian option.  During the dinner 
participants will have the opportunity to network and mingle over soft music in the background.

Conference Schedule

https://bigskyresort.com/resort-dining


9:30 - 15:50 Student Tutorials Montana State University:  Norm Asbjornson Hall
18:00 - 21:00 Welcome Reception Big Sky Resort:  Huntley Dining Room

8:00-8:30 Welcome, Conference Chairs, and Opening Remarks Huntley Lodge:  Missouri Ballroom

8:30-9:30 Plenary and Keynote Speech Karen St. Germain & Clayton Turner

9:30-10:10 Q & A Session 
Town Hall Panel Discussion NASA Directors moderated by Krishna Rupavatharam

10:10 - 10:30 Break & Set up Posters & Exhibitors
10:30 - 11:00 Laser Sources 1 Upendra Singh
11:30 - 12:30 Lunch & Exhibitors

12:30-13:00 Laser Sources 2 Upendra Singh
13:00 - 1500 Airborne Lidar:  1 - 5 Joe Shaw
15:00-15:30 Break & Set up Posters & Exhibitors
15:30-17:20 Coherent Lidar Fundamentals Phil Gatt

17:30-20:00 Exhibitors & Poster Social Lake & Canyon Halls

8:00-8:50 Keynote Speech Huntley Lodge:  Missouri Ballroom:
R. Michael Hardesty

8:50-10:10 Space Based Lidar: 1 - 3 Stephan Rahm
10:10-10:30 Break & Exhibitors
10:30-12:00 Wind Lidar Systems: 1 - 4 Jean-Pierre Cariou
12:00-13:00 Lunch & Exhibitors & Posters
13:00-14:40 Automotive: 1 - 4 Stephen Crouch
14:40-15:30 Break & Exhibitors

15:30-17:00 Laser for Coherent Lidar: 1 - 4
Milton Huffaker Dedication

17:00 - 17:50 Break & Exhibitors
17:50 - 18:00 Banquet Social

18:00 - 19:20 Banquet Welcome, Keynote Speaker, & 
Milton Huffaker Commemoration Huntley Dining Room

17:50 - 18:00 Banquet Dinner Huntley Dining Room

8:00-8:30 Novel Applications 1 Randy Babbitt
8:30-9:10 Integrated Photonics:  2 - 3 Zeb Barber

9:10-10:10 Dual Comb Lidar: 1 - 3 Zeb Barber
10:10-10:30 Break & Exhibitors

10:30-12:00 Wind Lidar Campaigns:  1 - 4
Pierre Flamant Dedication Shoken Ishii

12:00-13:00 Lunch & Exhibitors & Posters
13:00-14:10 Machine Learning: 1 - 3 Krishna Rupavatharam
14:10-14:40 Digital Holography 1 Dave Rabb
14:40-15:30 Break & Exhibitors
15:30-17:30 Digital Holography: 2 - 7 Dave Rabb
18:00-19:00 Break & Exhibitors

8:00-9:40 Novel Applications:  2 - 6 Randy Babbitt
9:40-9:50 Hampus Manefjord

9:50-10:10 Novel Applications 6
10:10-10:50 Wind Lidar Techniques:  2 - 3

10:50-11:00 Future Conference Announcement / Conference Ends

Friday, July 30

CLRC Condensed Schedule
Sunday, June 26

Monday, June 27

Tuesday, June 28

Wednesday, June 29
Recreation Day

Thursday, June 30
Basecamp Activities & Yellowstone Tour



Sun, June 26 Mon, June 27, Tue, June 28 Wed, June 29, Thu, June 30 Fri, July 1
8:00 8:10 Novel Applications 1 Novel Applications 2
8:10 8:20 Keynote Farzin Amzajerdian Vyacheslav Aranchuk
8:20 8:30 Welcome - Conference Chair R. Michael Hardesty NASA, USA Novel Applications 3
8:30 8:40 Plenary (Virtual) CIRES, USA Integrated Photonics 2 J. Lawson Turcotte
8:40 8:50 Karen St. Germain Jeroen Goyvaerts Novel Applications 4
8:50 9:00 ESD  Director, NASA, USA Space Based Lidar 1 Integrated Photonics 3 Kai-Ting Ting
9:00 9:10 Keynote Benjamin Witschas Channing Philbrick Novel Applications 5
9:10 9:20 Clayton Turner DLR, Germany Dual Comb Lidar 1 Hampus Månefjord
9:20 9:30 LaRC Director, NASA, USA Space Based Lidar 2 Emily Caldwell
9:30 9:40 Laurent Lombard Dual Comb Lidar 2
9:40 9:50 Space Based Lidar 3 Philippe Hebert Novel Applications 6
9:50 10:00 Shoken Ishii Dual Comb Lidar 3 Daniel Feldkhun

10:00 10:10 TMU, Japan William Patiño Wind Lidar Techniques 2
10:10 10:20 Break Break Break Yusuke Ito
10:20 10:30 Exhibitors Exhibitors Exhibitors Wind Lidar Techniques 3
10:30 10:40 Laser Sources 1 Wind Lidar Systems Wind Lidar Campaigns Robert Ryan
10:40 10:50 Jirong Yu Jakob Mann Zhaoyan Liu Future Conf. Announcement
10:50 11:00 NASA, USA DTU, Denmark NASA, USA Conference Ends
11:00 11:10 Wind Lidar Systems 2 Wind Lidar Campaigns 2
11:10 11:20 Christoph Bollig Amanda Makowiecki
11:20 11:30 Wind Lidar Systems 3 Wind Lidar Campaigns 3
11:30 11:40 Genta Morimoto Mark Arend
11:40 11:50 Wind Lidar Systems 4 Wind Lidar Campaigns 4
11:50 12:00 Albert Töws Christian Lemmerz
12:00 12:10
12:10 12:20
12:20 12:30 COLOR CODE
12:30 12:40 Laser Sources 2 Student Tutorials
12:40 12:50 Anthony Yu Keynote/Plenary
12:50 13:00 NASA, USA Invited 
13:00 13:10 Airborne Lidar 1 Automotive 1 Machine Learning 1 Contributed
13:10 13:20 George Emmitt Mike Watts Jim Curry Joint Virtual
13:20 13:30 Simpson Weather Assoc., USA Analog Photonics, USA Posters / Exhibitors
13:30 13:40 Airborne Lidar 2 Automotive 2 Machine Learning 2 Break/Exhibitors
13:40 13:50 Peter Mahnke Steven Miller Pierre Allain Reception and Banquet
13:50 14:00 Airborne Lidar 3 Automotive 3 Machine Learning 3
14:00 14:10 Alan Brewer Stanislav Aksarin Oliver Kliebisch
14:10 14:20 Airborne Lidar 4 Automotive 4 Digital Holography 1
14:20 14:30 Phillipp Gasch Sen Lin Charles Bouman
14:30 14:40 Airborne Lidar 5 Aurora Tech, USA Purdue University, USA
14:40 14:50 Stephan Rahm
14:50 15:00 DLR, Germany
15:00 15:10
15:10 15:20
15:20 15:30
15:30 15:40 Coherent Lidar Fundamentals Laser for Coherent Lidar 1 Digital Holography 2
15:40 15:50 Shumpei Kameyama Sammy Henderson Tony Allen
15:50 16:00 Mitsubishi Electric, Japan Beyond Photonics, USA Digital Holography 3
16:00 16:10 Coherent Lidar Fundamentals 1 Laser for Coherent Lidar 2 Matthew Goodman
16:10 16:20 Markus Kayser Jihong Geng Digital Holography 4
16:20 16:30 Coherent Lidar Fundamentals 2 Laser for Coherent Lidar 3 Muralidhar Madabhushi Balaji
16:30 16:40 Pierre Allain Julien Lahyani Digital Holography 5
16:40 16:50 Coherent Lidar Fundamentals 3 Laser for Coherent Lidar 4 Corey Pearson
16:50 17:00 Rebecca El Koussaifi Lei Pan Digital Holography 6
17:00 17:10 Coherent Lidar Fundamentals 4 Kelvin Wagner
17:10 17:20 Yusuke Ito Digital Holography 7
17:20 17:30 Maureen Szymanski
17:30 17:40
17:40 17:50
17:50 18:00
18:00 18:10
18:10 18:20
18:20 18:30
18:30 18:40
18:40 18:50
18:50 19:00
19:00 19:10
19:10 19:20
19:20 19:30
19:30 19:40
19:40 19:50
19:50 20:00
20:00 20:10
20:10 20:20
20:20 20:30
20:30 20:40
20:40 20:50
20:50 21:00

Break
Exhibitors (Optional)

(Poster Teardown)

Welcome - MPIA / LOC

Break

CLRC-2022 SCHEDULE 

Conference Day Off
Yellowstone Tour

CLRC/ILRC Joint Session
(Virtual)
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Setting up 
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Big Sky Resort
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Big Sky Resort
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Abstracts

Monday, June 27, 2022

08:00–08:30 Welcome and Opening Remarks

08:30–09:20

Plenary
Karen St. Germain

Earth Science Division Director – NASA, USA

Keynote
Clayton Turner 

(LaRC Director – NASA, USA)09:20–10:10

10:10–10:30 Break:  Setting Poster / Exhibitors

Laser Sources I
10:30–11:00

11:00–11:30 Virtual:  CLRC/ILRC Joint Session

11:30–12:30 Lunch & Exhibitors

Jirong Yu
NASA, USA

https://clrc2022.montanaphotonics.org
https://clrc2022.montanaphotonics.org


Efficient Ho:LuLiF MOPA laser transmitter for space pathfinder coherent 
wind lidar 

Jirong Yu1, Jane Lee2, Teh-Hwa Wong1, Larry Petway1, Aboubakar Taroae1, Songsheng Chen1, John Markenton1, 
Michael Kavaya1 

1 NASA Langley Research Center, 5 N. Dryden Street, Mail 468, Hampton, VA 23681 
2 Science Systems & Applications, Inc. One Enterprise Parkway, Suite 200, Hampton, VA 23666 

Supported by NASA’s Earth Science Technology Office (ESTO), a new lidar transmitter system is developed 
under the Space Pathfinder coherent wind lidar project. It is an efficient Ho:LuLiF master oscillator power 
amplifier system (MOPA) that is capable of generating 15 watts power and 180 ns pulse width at 200 Hz 
PRF with excellent beam quality.  The laser is injection seeded to provide stable single longitudinal frequency 
output.  The laser beam polarization can be switched between “S” and “P” alternatively. Thus, the “S” and 
“P” beams can be directed to two separate telescopes at different directions to provide true horizontal wind 
measurement without a moving part in the lidar system.  The laser power, pulse width and beam quality fulfill 
the space lidar system’s figure-of-merit (FOM) and measurement accuracy requirements. 

Monday, 27 June 2022 21st Coherent Laser Radar Conference 

Return to Schedule
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12:30 12:40 Laser Sources 2 
12:40 12:50 Anthony Yu 
12:50 13:00 NASA, USA 
13:00 13:10 Airborne Lidar 1 
13:10 13:20 George Emmitt 
13:20 13:30 Simpson Weather Assoc., USA 
13:30 13:40 Airborne Lidar 2 
13:40 13:50 Peter Mahnke 
13:50 14:00 Airborne Lidar 3 
14:00 14:10 Alan Brewer 
14:10 14:20 Airborne Lidar 4 
14:20 14:30 Phillipp Gasch 
14:30 14:40 Airborne Lidar 5 
14:40 14:50 Stephan Rahm 
14:50 15:00 DLR, Germany 

Session Chairs

Laser Sources = Upendra Singh 
Airborne Lidar = Joe Shaw
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(1) NASA Goddard Space Flight Center, Greenbelt, MD USA
(2) NASA Engineering and Safety Center, Hampton, VA USA

Email: anthony.yu@nasa.gov 

NASA Goddard Space Flight Center (GSFC) has been actively developing the laser transmitter for the 
Laser Interferometer Space Antenna (LISA) program since the late 2017. In 2021 we delivered a 
prototype laser transmitter to the LISA program for performance evaluation as well as performed an 
independent technology assessment on the laser design supported by the NASA Engineering and Safety 
Center (NESC). We continued to further develop the LISA laser with a goal of advancing the technology 
readiness level (TRL) of the laser to 6 by the end of 2023. In this paper, we report on the progress we 
made on the laser development for the LISA program as well as the technology assessment findings by 
the NESC. 

Keywords: Space instrument, laser interferometer, gravitational wave observatory, solid state lasers, 
fiber amplifier, ultra-stable laser, space laser 

Return to Schedule

Independent Reliability Assessment and Progress Review of the 
NASA GSFC Laser Transmitter for the LISA Program 

Anthony W. Yu(1), Kenji Numata (1), Upendra Singh(2) 



Monday, 27 June 2022 21st Coherent Laser Radar Conference 

3 

Airborne Coherent Doppler Wind Lidar sensing the lowest 50 
meters of the Marine Atmospheric Boundary Layer 

G. D. Emmitt, S. Greco, S. A. Wood and C. O’Handley
Simpson Weather Associates, USA 

Email: gde@swa.com 

The typical and primary goals of airborne DWL operations is the retrieval of a curtain of vector wind 
profiles along a flight path along with the resolution of aerosol structures. In this presentation we 
present some of our findings related to sea surface properties, the saltation particle layer adjacent to 
the surface and the shear stress layer below 50 meters. Issues related to using long pulses (~ 200ns 
FWHM; ~50 range gates) to achieve 10 meter vertical resolution will be discussed. Turbulence 
estimates on several space scales will also be presented. 

Return to Schedule
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Experimental airborne four channel cw-Laser-Doppler-
Anemometer for flight instrumentation 

P.Mahnke, M.Damm and O. Kliebisch
Institute of Technical Physics, German Aerospace Center, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany 

Email: peter.mahnke@dlr.de 

Key-words: Coherent lidar, FPGA, signal processing 

We realized a four channel cw-Laser-Doppler-Anemometer for flight instrumentation. The system 
measures the full wind vector with respect to the airplane. In terms of aviation systems air data 
systems) our system is capable to measure and reconstruct the airspeed, the angle of attack and the 
side slip angle. It is implemented by using a four channel 1W each 1550 nm cw Erbium doped fiber 
laser system with four 1 W outputs as laser source for a four channel cw-Laser-Doppler-Anemometer. 
The measured signals are processed in real time by a FPGA FFT signal processor. We also acquire 
statistical data like signal detection rate of the system during flight operation to evaluate the 
performance of the system. We will show first results of our flight experiments. 

Return to Schedule
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Development and Application of NOAA’s Ground Based Mobile 
Doppler Lidar to Study Regional Wind Fields in the Los Angeles 

Basin During SUNVEx 2021 
Wm Alan Brewer(1), Richard Marchbanks(1,2), Amanda Makowiecki (1,,2), Sunil Baidar(1,2) Max 

Holloway(1,2), Mike Zucker (1,2), Edward Strobach (1,2) 
(1) NOAA Chemical Sciences Laboratory, Atmospheric Remote Sensing Group 325 Broadway, Boulder, CO

80305 USA, 
(2) Cooperative Institute for Research in Environmental Sciences, University of Colorado at Boulder

CB 216, Boulder, CO 80309-0216 USA 

Email: alan.brewer@noaa.gov 

NOAA’s Chemical Sciences Laboratory (CSL) has developed a ground-based, mobile Doppler lidar 
that is capable of motion-stabilized vertically staring and conically scanning operation while driving. 
Building upon earlier efforts that developed this capability for aircraft and ship- based measurements, 
this application uses the same umbilically connected transceiver design and a motion stabilization 
platform designed to fit in the back of a pickup truck. The real time FPGA based processor uses a 
tunable intermediate frequency (IF) digital demodulation design to remove the effect of the platform 
motion projected into the line-of-site velocity measurements as the heterodyne signal is mixed down 
to baseband. 

The Pickup-based Urban Atmospheric Sounder (PUMAS) was deployed in the Boulder Colorado 
area for two summers during development and recently participated in the month long Southwest 
Urban NOx and VOC Experiment (SUNVEx) to characterize the 3-D wind field and turbulence 
within the atmospheric boundary layer in the Southern Coast Air Basin (SOCAB) region near Los 
Angeles, CA. The goal of operating PUMAS during this campaign was to study the spatial structure 
and evolution of complex coastal flows, basin transport and upslope flow into the mountains, and 
urban heat island and canopy effects around downtown Los Angeles. PUMAS results are being used 
to help interpret chemical measurements made at a super site in Pasadena, CA and are being 
compared to regional air quality models. 

Results from SUNVEx and other mobile ground-based measurements show this instrument’s ability 
to track the temporal evolution of spatially complex wind fields and to provide improved regional 
sampling for model comparison. These results will be presented together with recent measurements 
made with new transceiver modifications designed to add additional measurement capability to the 
ground-based mobile Doppler lidar. 

Return to Schedule
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Targeted airborne Doppler lidar observations in the vicinity of 
convective systems 

Philipp Gasch(1), A. Wieser(1), N. Kalthoff(1), U. Corsmeier(1), T. Feuerle(2) and C. Kottmeier(1) 
(1) Karlsruhe Institute of Technology (KIT), Institute of Meteorology and Climate Research – Department 

Troposphere Research (IMK-TRO), Karlsruhe, Germany 
(2) TU Braunschweig, Institute of Flight Guidance, Braunschweig, Germany

Email: philipp.gasch@kit.edu 

A new airborne Doppler lidar system has been developed by the Karlsruhe Institute of Technology 
(KIT) in collaboration with the TU Braunschweig for use on-board the German Dornier 128-6 
research aircraft. In the summer of 2021, the Swabian MOSES field campaign was carried out, during 
which the first measurements with the new airborne lidar system were conducted. The campaign 
focused on the frequent initiation and development of deep convective systems between the Black 
Forest and the Swabian Jura in southwestern Germany. 

This contribution presents results obtained by combining airborne and ground-based lidar 
measurements. The high-resolution airborne Doppler lidar provides unique insight into meso-scale 
flow processes in thunderstorm environments. The influence of orography on flow is clearly 
detectable, with both local valley circulation and mountain lee effects observed. The combination of 
airborne and ground-based Doppler lidar and radar observations provides context for the 
thunderstorm activity associated with the flow field. 

Return to Schedule
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Coherent Doppler lidar activities at DLR 
S. Rahm, B. Witschas, O. Reitebuch, C. Lemmerz et al

Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre, Germany 

Email: stephan.rahm@dlr.de 

Coherent Doppler Lidar has a tradition for over three decades at DLR. It started with cw-CO2 lasers 
followed by the Franco German project WIND as a first big airborne instrument. In 1999 a solid state 
2�m lidar transceiver MAG1 from CTI was integrated together with a scanner and a data unit. This 
system turned out to become the working horse for over two decades until now. One major objective 
that was covered with it was wake vortex measurement and characterization as for instance the Airbus 
A380 aircraft, during several ground and airborne campaigns. The other major application of the 
system were airborne meteorological campaigns all over the world, e.g. targeted observations in 
Iceland 2003, Japan 2008 (T-Parc), and New Zealand 2014 (DEEPWAVE), in Iceland 2016 
(NAWDEX) and in Kiruna in 2013 and 2016 (GW-LCYCLE I-II) to name just a few. The recent 
highlight of the 2-µm application was the preparation of the Aeolus Mission with precursor 
experiments in Iceland and Greenland well as CAL/Val campaigns in Central Europe (AVATAR-
E), Iceland (AVATAR-I) and in the tropics (AVATAR-T). This paper gives an overview over the 
Doppler Lidar activities at DLR with special focus on the improvements achieved by an evolving 
signal processing. 
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Coherent laser radar in Mitsubishi Electric ~until 2022~ 
Mitsubishi Electric Corporation 

Shumpei Kameyama and Masaharu Imaki 
Mitsubishi Electric Corporation, Japan 

Email: Kameyama.Shumpei@dn.MitsubishiElectric.co.jp 

Mitsubishi Electric Corporation has many track records on the laser radar development for the wide 
variety of application from the underwater to the space. Regarding the coherent laser radar (CLR), we 
have started the research activities in middle of 1990s as the pioneering research group of the 1.5-micron 
CLR. Especially, we have provided many world’s first topics on the wind sensing coherent Doppler 
lidar including the solid-state waveguide laser amplifier, pulsed-serrodyne coherent transceiver, 
intelligent function, and active beam alignment. Further, we have developed several kinds of CLR 
technologies in this decade on (i) differential absorption lidar for simultaneous sensing of water vapor 
and wind, (ii) laser Doppler vibrometer, (iii) range imaging lidar, and (iv) coherent transceiver for 
underwater application using visible wavelength. Here, we introduce the summary of our research 
activities until now and shortly introduce the future perspective. 
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Instrumental noise and its impact on mean wind measurements 

Markus Kayser 
Deutscher Wetterdienst, Germany 

Email: Markus.Kayser@dwd.de 

Fibre-optic based Doppler wind lidars (DL) are able to retrieve vertical profiles of kinematic 
quantities across the lower atmosphere with high spatio-temporal resolution. Therefore, these 
compact systems are promising candidates for operational use in future observing networks of 
meteorological and environmental services. A prerequisite for operational applications is the robust 
detection of atmospheric return signals in the presence of instrumental noise. 

Here, we present results from a side-by-side comparison of eight Halo Photonics “Streamline” DLs 
during the FESSTVaL 2021 field experiment. We focus on the characterization of the instrumental 
noise and show its impact on the derived winds. While the most common approach filters data via a 
fixed signal-to-noise ratio (SNR) threshold, we find the non-linear consensus method (CNS), already 
operational in the data processing chain of radar wind profilers, to be more efficient in the weak 
signal regime where it increases data availability without reducing data quality. 
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Comparison of analytical and numerical derivation of spatial resolutions of 
Coherent Pulsed Doppler Lidar and experimental direct measurement  

 P. E. Allain2, m. Valla1, c. Benzo2, v. Garbarini2, d. T. Michel1, l. Thobois2, a. Dolfi-bouteyre1 and 
J.P. Cariou2 

(1) ONERA - The French Aerospace Lab, Palaiseau, France
(2) VAISALA, Saclay, France

Email: pierre.allain@vaisala.com 

Key-words: Spatial resolution, Turbulence simulation, hard target  

Spatial resolution is a key figure of merit for Wind Lidars. However, rigorous definition of this 
resolution is not often clear. A firsthand approach is to consider two spatial resolutions: one for the 
radial wind projection and one for the backscatter of aerosols. We show here that the two resolutions 
are identical and therefore a generalized Lidar resolution could be derived. We provide a pedagogical 
derivation of this spatial resolution. To verify this derivation, simulations of a {Lidar, Atmosphere} 
system that emulates a real device on a Kolmogorov-like atmosphere was conducted. We show that 
the turbulence power spectral density is well fitted by the theoretical model. 

Spatial resolutions of Windcubes were measured and compared to the model. The predicted 
resolution matches the measurement with an error lower than 5 m. The proposed method could be 
used by both academic and industrial Lidar designers to characterize their spatial resolutions. 

Figure 1 (a) simulated turbulent Kolmogorov Wind field plotted versus scanner azimuthal angle and range (b) 
Same Wind field retrieve by the Lidar (c) comparison of retrieved Velocity amplitude versus structure size fitted 
by theoretical model. (d) Experiment measurement (circles) of RWF compared with theorical model (dashed 
lines) 
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Distance ambiguity removal in Fibered Coherent Pulsed Doppler 
Lidars by master oscillator frequency modulation 

R. El Koussaifi(1), V. Pureur(1), T. Chaneliere(2) and J.P.Cariou (1)
(1) VAISALA, Saclay, France

(2) Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France

Email: relkoussaifi@leosphere.com 

Fibered pulsed coherent Doppler Lidars usually operate at high pulse repetition frequency (PRF), to 
compensate for their weak pulse energy compared to bulk solid-state lasers. Consequently, distant 
strong echoes from the atmosphere can be detected beyond the maximum measurement distance (> 
c/2PRF, c being the light velocity) (see Fig 1 a)). To eliminate these outliers, we propose to modulate 
the master oscillator (MO) (distributed feedback laser DFB) with a controlled frequency jump higher 
than the lidar detector bandwidth. The echo return signal falling out of the detection bandwidth will 
then be suppressed, after the next pulse is launched. As we use a self- heterodyne detection, the local 
oscillator (DFB) frequency needs to be accurately stable during wind lidar measurement. 
Unfortunately, as shown in Fig 1 b), the semiconductor frequency response to voltage or current steps 
exhibits few tens of microseconds recovery time. This MO frequency instabilities during the 
measurement would lead to radial wind velocity errors. 

We have then designed and implemented a deconvolution algorithm which measures and 
compensates iteratively the response of the modulated laser. This allows to converge towards a target 
frequency modulation pattern designed to resolve the Lidar ambiguity, as shown in Fig. 1 c). The fast 
frequency jump rise-time (< 0.5 μs) and high DFB frequency stability recovered between the jumps 
make this new algorithm suitable for wind coherent lidar. Radial wind speed precision better than 0.1 
m/s over all the measurement distance for all kind of PRF is demonstrated. 

Figure 1. (a) Ambiguity mitigation schematic (b) Experimental MO frequency (blue) measured for a perfect 
square modulation command (without compensation) (c) Experimental MO frequency measured with 
compensation (frequency jump of 300 MHz) 
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Multifunctional verification for visible-wavelength coherent 
transceiver using SHG process based on the modulation at 

fundamental wavelength 

Y. Ito, A Tamada, M. Imaki, S. Kameyama
Mitsubishi Electric Corporation, Japan 

Email: Ito.Yusuke@db.mitsubishielectric.co.jp 

Traditional coherent communication and coherent Doppler lidar systems utilized for the application 
in the atmospheric field employ the laser source of infrared wavelengths. In the ocean field, the 
visible wavelength is suitable owing to minimized attenuation effect. Although the most of past 
studies employ the direct detection method, the communication and measurable distance could be 
limited by low detection sensitivity. From these backgrounds, we have been developing the 
“coherent” transceiver at visible wavelength of 532 nm. In this work, we use SHG process based on 
the modulation at fundamental wavelength of 1064 nm. We confirmed the validity of the basic 
performance of the coherent transceiver by observing the beat signals at receiver side using a spatially 
fixed mirror. In addition, to confirm its function as a lidar, we observed the Doppler signal from 
moving diffuse hard and soft targets. 

Key-words: Visible wavelength, Lidar, Laser Radar, Coherent Transceiver 
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A review of Doppler Wind Lidar from surface to airborne to 
space-based measurements 

R. Michael Hardesty
CIRES/University of Colorado and NOAA Chemical Sciences Laboratory Boulder, Colorado 

Email: mike.hardesty@noaa.gov 

The capability to observe atmospheric winds by measuring the Doppler frequency shift of laser energy 
backscattered from moving atmospheric particles was first demonstrated five decades ago. Although 
early implementations of Doppler lidar included continuous-wave lasers, liquid nitrogen cooled 
detectors, and analog signal processing techniques, technology rapidly evolved to include pulsed laser 
transmitters and digital signal processing, which greatly expanded the applicability of the technique. 
Since then, Doppler lidar has been extensively employed to investigate atmospheric dynamical 
processes, including wind shear, sea breeze and mountain/valley flows, and boundary layer turbulence. 
Introduction of solid-state laser transmitter technology in the late 1980s further expanded Doppler lidar 
impact by enabling deployment of systems on ship and mobile land surface platforms as well as aircraft, 
and also stimulated discussion of potential space-based Doppler wind lidar missions. After a number of 
studies and proposed designs, the drive for space-based measurements was realized in 2018 with the 
launch of the Aeolus spacecraft, which recently completed 3-years of providing impactful wind 
measurements for global numerical weather prediction. 
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Validation of the Aeolus L2B wind product by means of airborne 
wind lidar measurements performed in the North Atlantic region 

and in the tropics 

Benjamin Witschas(1), Alexander Geiß(2), Oliver Lux(1), Christian Lemmerz(1), Uwe Marksteiner(1), 
Andreas Schäfler(1), Stephan Rahm(1), Oliver Reitebuch(1), Fabian Weiler(1)  

(1) German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt e.V., DLR), Institute of
Atmospheric Physics, Oberpfaffenhofen 82234, Germany 

(2) Ludwig-Maximilians-University Munich, Meteorological Institute, 80333 Munich, Germany

Email: Benjamin.Witschas@dlr.de 

During the first three years of ESA’s Aeolus mission, the German Aerospace Center (DLR) 
conducted four airborne validation campaigns. After having performed two campaigns in Europe 
(2018/2019) the Aeolus VAlidation Through Airborne LidaRs in Iceland campaign (AVATARI) was 
carried out in the arctic region in 2019, followed by the campaign in the Tropics (AVATART) 
conducted from Sal, Cape Verde in. 

During these campaigns, the DLR Falcon aircraft was operated being equipped with two Doppler 
wind lidar instruments: the ALADIN Airborne Demonstrator (A2D), as the prototype of the direct 
detection wind lidar instrument on-board Aeolus, and a high- accuracy coherent detection Doppler 
wind lidar system (2-µm DWL) that is used as a reference for the Aeolus validation. 

In this paper, airborne 2-µm DWL observations performed during both the AVATARI and 
AVATART campaign are presented and used to validate the Aeolus L2B wind product and to derive 
corresponding systematic and random errors. 

. 
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Bi-pulse fiber laser source concept for integrated-path differential 
absorption lidar from space 

L. Lombard, N. Cézard, A. Durécu, F. Gustave,
Onera - The French Aerospace Lab, Palaiseau, France

Email: peter.mahnke@dlr.de 

Key-words: Differential absorption lidar, fiber laser source 

CO2 monitoring over an atmospheric column provides crucial information for climate change 
monitoring. A possible implementation for this measurement is IPDA (Integrated-Path-Differential-
Absorption) lidar on a satellite that measures the absorption difference between 2 close wavelengths 
(λON, absorbed by CO2 and λOFF, not absorbed). Distance to ground must be simultaneously measured. 
Pulses must be short enough for telemetry (<100ns), narrow-linewidth for λON measurement 
(<100MHz) and high-energy for signal-to-noise ratio (mJ-level). 

All-fiber MOPA (master-oscillator-power-amplifier) laser sources present many advantages 
(robustness to vibrations, alignment-free, versatility, efficiency) but are limited in peak power. 
Having simultaneously short, narrow linewidth and mJ-level pulses is challenging because of 
stimulated Brillouin scattering (SBS). 

We propose and demonstrate an all-fiber source generating alternatively short λOFF pulses with 
enlarged spectrum for offline and telemetry measurements and narrow linewidth, long λON pulses for 
on-line measurement. This versatile source can be adapted to maximize precision of CO2 
measurements. 
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Feasibility study of space-based coherent Doppler wind lidar in 
Japan 

S. Ishii(1), K. Okamoto(2), I. Okabe(2), S. Yamanaka(1), T. Kubota(3), Y. Miyamoto(4), and
A. Matsumoto(5)

(1) Tokyo Metropolitan University,
(2) Japan Meteorological Agency / Meteorological Research Institute.,

(3) Japan Aerospace Exploration Agency
(4) ANA HOLDINGS INC.,

(5) Keio University

Email: sishii@tmu.ac.jp

Wind is one of fundamental meteorological elements describing the atmospheric state. Global wind 
observation is important to improve the initial conditions essential for numerical weather prediction 
(NWP), climate studies, and meteorological studies. Current space-based passive sensors and micro 
sensors have large coverage and high temporal resolution but low vertical resolution. A Doppler 
Wind Lidar (DWL) would be a promising approach for global wind profiling. ESA launched a first 
space-based Doppler Wind Lidar (DWL), Aeolus, to make global wind profiling in August 2018. 
Aeolus demonstrated that global wind profiling provides us a great improvement of the accuracy of 
numerical weather prediction. The working group on Japanese space-based DWL is making 
feasibility study. To realize global 3-D wind observation results of feasibility study of Japanese 
space-based coherent DWL are descried in the paper. 
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Wind energy applications of coherent Doppler lidars 
 

Jakob Mann 
DTU Wind Energy, Technical University of Denmark 

 
Email: jmsq@dtu.dk 

 

Key-words: Coherent Doppler wind lidar, Turbulence 

 

In this invited talk I will give an overview of challenges and opportunities of using Doppler lidars 
for wind energy. The requirements on the precision of the mean wind is high for applications like 
wind resource estimation and power curve estimation. The lidar hardware contributes insignificantly 
to the error while assumptions on the homogeneity of the flow, the backscatter profile, and presence 
of precipitation pose larger uncertainties. Turbulence, shear, and gusts cause dynamic loads on wind 
turbines. Turbulence is much more difficult to measure compared to the mean wind speed because 
lidars average over volumes and combine line-of-sight measurements at different points in space. 
Additional corrections are necessary when the lidar is mounted on a buoy. An overview of the ways 
to improve turbulence estimation by lidar for wind energy will be given. Finally, with the increasing 
size of wind turbines atmospheric stratification becomes important. Preliminary results on adapting 
a wind Doppler lidar to measure the atmospheric temperature profile will be shown. 
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Compact All-Fiber Coherent Lidar for Mobile Wind 
Measurement Applications 

Christoph Bollig(1), Sebastian Ulonska(1), Franziska Winter(1), Philipp Kucirek(1), Annett 
Skupin(2), Kevin Ohneiser(2), Majid Hajipour(2), Martin Radenz(2), Johannes Bühl(2), Ronny 

Engelmann(2) 
(1) Deutsches Abacus Laser GmbH, Göttingen, Germany

(2) TROPOS, Leipzig, Germany

Email: chris@abacus-laser.com 

For a variety of applications – from atmospheric research to wind parks – it is essential to determine 
remote wind velocities with high spatial resolution. Also, the combination with other sensors, e.g., 
for aerosol detection or temperature, is of interest. 

Here, we present a compact, flexible, eye-safe, robust and easy to use wind lidar module (LiTra S), 
which can well be integrated with other sensors on mobile platforms. With diffraction- limited optical 
performance and detection at the shot-noise-limit, it can measure the wind speed in up to 10 km 
distance, if the weather conditions are favorable. Its flexible design with adjustable pulse repetition 
rate and pulse length allows the users to choose the settings best suitable for their application. 

As an example, we show how the compact wind lidar module was installed in a stabilized gimbal 
mount on board of a research vessel to keep it vertically pointing. It was operated in combination 
with the TROPOS Raman-Polarization Lidar PollyXT and other remote sensing equipment both on 
the research vessels “Sonne” and “Polarstern” in a variety of climate zones. The benefits of 
synergistic observations of aerosol and cloud properties with PollyXT Raman Lidar and LiTra-S are 
described in [1]. 

In this presentation, we will give an introduction to the design and performance of the wind lidar, 
show how it was mounted and operated and give a brief example of the measurements. 

1. M.Radenz et al., “Open-Ocean in-cloud Vertical Velocity Observations with a Motion- Stabilized
Doppler Lidar”, submitted to ILRC 2022.

. 
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Development of high-performance and low-cost coherent Doppler 
lidar system and data assimilation of the wind velocities from 

multiple lidar observation system 

Jun-ichi Furumoto, Genta Morimoto, Katsuya Shimizu, Kuniaki Higashi 
Metro Weather Co., Ltd., Japan 

Email: morimoto@metroweather.jp 

The compact-sized, low-cost, and high-performance coherent Doppler lidar was developed. The 
newly-developed Doppler lidars were installed on the meteorological tower and at the top of high-
building in the Kyoto city, JAPAN. The radial wind velocities from operational multiple lidar 
observations were fused to obtain two dimensional horizontal velocities in the overlapping measuring 
region. The fusion result is validated by comparing with another vertical pointing lidar data installed 
in the fusion area. 

The radial wind velocities are assimilated into the output of the meteorological forecast model. The 
assimilated data was used as the initial and boundary condition of CFD model and finally obtained 
the building resolving forecast data in the Kyoto city area. 

Key-words: Coherent Doppler lidar, data assimilation, CFD model 

Return to Schedule



Tuesday, 28 June 2022 21st Coherent Laser Radar Conference 

9 

Fiber-based long-range Doppler lidar system for wind phenomena 
identification 

Albert Töws, Dr. Sebastian Kauczok, Dr. Christian Schiefer, and Dr. Frank Gekat 
LEONARDO Germany GmbH 

The Doppler lidar SKIRON3D is LEONARDO’s solution for measuring wind and identifying 
dangerous wind hazards. It is designed to detect wake vortices and wind phenomena like wind shear, 
gusts, turbulence, and microbursts with one device. 

The SKIRON3D is a multi-channel eye-safe coherent pulsed Doppler lidar system. The fiber-based 
system combines perfect beam quality with high pulse energy for long-range measurements. It 
features a figure-of-merit greater than 120 mJ∙ÖHz, an unambiguous range of over 35 km, an 
advanced direct-drive continuously-scanning two-axis scanner without slip rings, contactless 
cleaning of the hydrophobicly coated optical window by an air-curtain, and a line-of-sight camera 
coupled onto the beam axis enabling north alignment by using the sun, moon, or a hard target. 

The SKIRON3D offers a high degree of setting options like individual pulse shape and length 
adjustments for each wavelength, which makes it valuable for scientific research. We will show some 
recent results from a measurement campaign, which took place at Frankfurt airport. 

Keywords: Fiber-based, high-power, long-range Doppler lidar, unattended remote operation, wind 
measurement 
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Optical Phased Array Coherent LiDAR for Automotive 
Applications 

Michael R. Watts, Chris Poulton, Peter Russo, Matt Byrd, Ben Moss, Murshed Khandaker, 
Oleg Shatrovoy, David Paquette, Jonathan Guglielmon, and Jiajiu Zheng, Samuel Burck, and 

Andrew Reardon 
Analog Photonics, California, USA 

Email: mwatts@analogphotonics.com 

Analog Photonics (AP) has been developing Optical Phased Array (OPA) based LiDAR for automotive 
applications using silicon photonic circuits for long-range (200m+) applications. Our OPA LiDAR is a 
truly solid-state SWIR 4D LiDAR that is region-of-interest capable, immune to sunlight and 
interference, eye-safe, and built on a silicon platform. To date, Analog Photonics has delivered 25m and 
50m capable Functional Samples to automotive customers based on our OPA LiDAR technology and 
we expect to begin delivering Series Production units within a few years for long-range (200m+) 
applications. While AP’s OPA LiDAR is currently targeting long- range applications, our OPA LiDAR 
can be designed to address short and mid-range applications as well which will benefit substantially 
from the OPA LiDAR’s lens-free compact form factor. 

Return to Schedule



Tuesday, 28 June 2022 21st Coherent Laser Radar Conference 

3 

Photonic System Design for FMCW LIDAR-on-a-chip 

Steven A. Miller, Ph.D  
Voyant Photonics Inc, NY, USA 

Email: steven@voyantphotonics.com 

In this talk we will discuss the photonic system on chip at the heart of our next generation FMCW 
3D imaging LIDAR sensor. It is among the largest on-chip photonic systems ever built, including 
over 15,000 active and passive components built in a high-volume commercial silicon photonics 
foundry process. The highly integrated system on chip includes an integrated light source, multi-
channel FMCW coherent transmitter / receivers and integrated beam steering. This LIDAR on a 
silicon chip enables adoption of 3D imaging technology into brand new applications requiring 
compact and cost effective solutions that are not addressed by any products currently on the market. 

Keywords: LIDAR, Photonics, Silicon Photonics, FMCW, Sensor, On Chip 

. 
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Laser Chirp Requirements for Long Range FMCW Automotive LiDARs 

Stanislav Aksarin, Cheng Feng, Mikhail Smolovik, Andy Zott, Vladimir Davydenko 
Scantinel Photonics, Germany 

Email: stanislav.aksarin@scantinel.com 

Key-words: FMCW LiDAR, automotive lidar, coherent detection, laser control, swept source, laser 
frequency stabilization, linear frequency-modulated waveform, optical phase-lock loop, frequency 
chirp. 

Integrated FMCW LiDARs and their application in Advanced Driver Assistance Systems besides 
photonic integration involve meeting the vital requirements for accuracy, range detection and objects 
velocity. Automotive LiDARs need to provide a high detection probability of moving objects at 
distances up to hundreds of meters. Precision control of the waveform modulation keeping a high 
degree of coherency is the pre-requisition for reliable ranging. We considered selection criteria of 
integrated laser characteristics and its frequency modulation, which will allow developers to focus 
on the creation of long-distance detection systems. We separate the terms of linearization and 
stabilization of frequency during a modulation, which are responsible for the linearity of the detected 
response, accuracy and range. Additionally, the practical aspects of frequency chirp characterization 
are demonstrated. 
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Unlocking Chip-scale Coherent Lidar with Silicon Photonics 
Sen Lin, Andy Michaels, Amir Hosseini, Phillip Sandborn, Zain Zaidi, Zeb Barber 

 Aurora Tech Innovation, USA 

Email: slin@aurora.tech 

Coherent lidars offer great advantages for long-range automotive sensing. However, traditional 
coherent lidars have limited scalability due to the high cost of discrete optical components and fiber 
optic assemblies. These limitations can be overcome by integrating the electronic-photonic systems 
into low-cost silicon photonic chips, enabled by silicon-based nanophotonic devices. One of the 
biggest challenges for developing a fully integrated coherent lidar is to meet the stringent link budget 
for long-range automotive sensing. In this presentation, we will cover a few key design trade-offs on 
how to minimize optical losses and address the link budget challenges. We will review different 
photonic architectures, and discuss our unique design and optimization approach to achieving ultra-
low loss silicon photonic devices. Leveraging innovations in silicon photonics and system 
integration, the next-generation automotive coherent lidars are expected to cost dramatically less 
without compromising their performance. 

. 
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Advanced Eyesafe Lidar for Atmospheric Wind Measurements 

Sammy Henderson(1), Michael J. Kavaya(2), Jirong Yu(2), and John Marketon(2) 
(1) Beyond Photonics, Boulder, CO USA

(2) NASA Langley Research Center, Hampton, VA, USA

Email: sammy@beyondphotonics.com 

A high-performance 2-micron coherent lidar system is presented. The lidar utilizes an in-band- pumped 
Ho:LuLF transmitter operating at 2052.92 nm and produces up to 58-mJ high-beam- quality pulses at 
200-Hz PRF with 180-ns FWHM duration. In addition to the high-performance transmitter, the lidar
transceiver incorporates several technologies which make an engineered- for-space version of it a
candidate for future space-based operation. These technologies include: compact offset-locked MO and
LO lasers that can remove large orbital-induced Doppler shifts; autonomous alignment capability
ensuring that both the transmitter and lidar receiver maintain alignment after shock or environmentally-
induced misalignments; lag angle correction to correct for platform rotation between transmit and
receive time; electro-optic beam path switching allowing for simultaneous fast switching of transmit
and receive beam paths between two independent lidar views. The lidar has demonstrated initial wind
measurements from the ground and is planned for wind measurements from an airborne platform in
early 2023.
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High power pulsed fiber lasers for LiDAR applications: 
From UV to SWIR beyond 2µm 

Jihong Geng, Lei Pan, and Shibin Jiang 
AdValue Photonics Inc., 2700 E Bilby Rd., Tucson, AZ 85706, USA 

Email: jgeng@advaluephotonics.com 

Key Words: Fiber laser, lidar, remote sensing, Yb-doped, Er-doped, Tm-doped, Ho-doped, UV, SWIR 

Over the past decade, we have developed a patented fiber laser technology, enabling the generation of 
narrow-spectral-linewidth laser pulses with mJ pulse energy and 100s of kW peak power from an all-
fiber laser platform at multiple wavelength bands (1µm, 1.55µm, and 2µm) by using our proprietary 
heavily Yb-, Er-, or Tm/Ho-doped fibers. By combining this unique high-power fiber laser technology 
with standard nonlinear wavelength conversion techniques, we demonstrated a wide laser wavelength 
access with high energy and high peak power from ultra-violet to short-wavelength infrared region 
beyond 2�m, which provide a robust fiber-based solution to a variety of air-borne lidar applications. In 
this presentation, we discuss our recent progress on the fiber-based laser development and laser 
characteristics performance at different spectral regions from UV to SWIR, being useful for different 
lidar applications, including remote sensing for ozone, CO2 molecules, and aerosols in the atmosphere 
by high spectral resolution lidar measurements. 
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Hybrid Fiber-Bulk Laser for CO2 and Wind Velocity Remote Sensing at 
2.05 µm  

Julien Lahyani(1), Nicolas Cézard(2), Dimitri Edouart(3), Fabien Gibert(3), Julien Le Gouët(1) 
O. Kliebisch

(1) DOTA, ONERA, Université Paris-Saclay, F-91123 Palaiseau, France,
E-mail: julien.lahyani@onera.fr

(3) ONERA/DOTA, Université de Toulouse, F-31055 Toulouse, France,
(4) E-mail: nicolas.cezard@onera.fr

(3) LMD/CNRS, Ecole Polytechnique, F-91123 Palaiseau cedex, France,
E-mail: dimitri.edouart@lmd.ipsl.fr; fabien.gibert@lmd.polytechnique.fr

 Considering the growing necessity to probe the Carbon Dioxide (CO2) cycle from local to global 
scales, we have developed a hybrid emitter for the simultaneous measurement of CO2 mixing ratio 
and wind speed by lidar. It is suited to the classical DIAL (Differential Absorption Lidar) technique 
and coherent detection. This hybrid architecture combines a fiber amplification followed by a single-
pass bulk amplifier. It offers a good robustness/performance trade-off and aims at bringing together 
the "best of both worlds". 

We have recently demonstrated an all-fiber laser composed of a master oscillator followed by four 
thulium-doped amplifiers optimized for coherent detection, capable of simultaneously measuring 
CO2 and wind velocity. This laser reaches a pulse energy of 120 µJ at a maximum repetition rate of 
20 kHz and is limited by stimulated Brillouin scattering (SBS) to 600 W peak power. This relatively 
low energy, as compared to free-space oscillators at 2.05 µm, is a limitation for carrying out long-
range measurements. Crystal amplification is not limited by SBS and allows much higher achievable 
peak power. Holmium-doped crystal offers a very good opportunity to perform such amplification at 
2.05 µm in an efficient way. Moreover, the amplification architecture offers a better mechanical 
stability compared to free space oscillators, which is crucial for future on-board measurement. 

This paper focuses on the crystal amplifier. It consists of a 13 cm-long rod of holmium-doped Yttrium 
Lithium Fluoride (YLF) lattice. The YLF lattice was previously identified as especially interesting 
for our application due to the emission cross section centered near the CO2 R30 (2051nm) absorption 
line commonly used for DIAL lidar. Pumping is performed by a commercial all-fiber continuous 
wave laser at 1.94 µm. At a Pulse Repetition Frequency (PRF) of 20 kHz, the hybrid amplifier reaches 
1.2 mJ (a gain of 12 over the fiber amplifier alone). At a lower PRF of 1 kHz, the laser reaches a 
pulse energy of 9 mJ (gain of 75) thanks to the long lifetime of the upper state level. The hybrid 
emitter has a Fourier-limited linewidth and a diffraction-limited beam. It should thus provide optimal 
performance for our future coherent- detection-based lidar tests. 

. 
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Single frequency tunable UV fiber laser at 308nm for LIDAR 
applications 

Lei Pan(1), Jihong Geng(1), Shibin Jiang(1) and Thomas F. Hanisco(2) 
(1) NOAA Chemical Sciences Laboratory, Atmospheric Remote Sensing Group 325 Broadway, Boulder, CO

80305 USA, 
(2) Cooperative Institute for Research in Environmental Sciences, University of Colorado at Boulder

CB 216, Boulder, CO 80309-0216 USA 

Email: lpan@advaluephotonics.com 

Compact and rugged single frequency laser sources are crucial for NASA’s remote sensing from 
space. Recently high sensitive OH measurement has been demonstrated with Integrated Path 
Differential Absorption (IPDA) LIDAR technique, in which a tunable narrow linewidth laser near 
308nm is needed. In this work. we demonstrated a high power single frequency tunable pulsed UV 
fiber laser at 308nm. The UV output is generated from sum frequency of a 515nm fiber laser and a 
768nm fiber laser, which are harmonic generations from our proprietary high peak power Yb and Er 
doped fiber amplifiers. 3.5W single frequency UV laser with 100.8kHz pulse repetition rate, 3.6ns 
pulse width, 34.7μJ pulse energy, and peak power of 9.64kW has been demonstrated, which 
represents the first demonstration of fiber-based single frequency 308nm UV laser. With temperature 
control of the single frequency DFB seed laser, the UV output is tunable for up to ~800GHz at 308nm. 
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Lithium Niobate based photonic devices 

Robert L. Byer 
Stanford University, USA 

Email: rlbyer@stanford.edu 

I will present a talk on the remarkable evolution of Lithium Niobate from a bulk crystal tunable laser 
source for remote sensing to guided wave LN devices now operating on thin film LN on Silicon wafers. 
Along the way LN was engineered with periodic poling and dispersion control for waveguide operation. 
The threshold has been reduced for OPO operation to microjoules and now down to picojoules. A 
threshold of a few photons is in the near future. LN is the top contender for silicon photonics devices 
phase modulators and switches. This opens the door to a LN degenerate OPO operation as the coherent 
phase sensitive amplifier and to the generation of on-chip comb of modes sources across the near to 
mid-infrared. The degenerate LN OPO has a “spin” – signal/idler- phase relative to pump phase that 
enables a Coherent Ising Machine quantum computer. The rapid evolution of thin film LN has opened 
the door to on-chip integrated devices with full phase control for on-chip phased array antennas. 
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All-Nitride technology for automotive coherent LIDAR on-chip 

Jeroen Goyvaerts and Michael Geiselmann 
LIGENTEC SA, EPFL Innovation Park Baˆtiment L, Chem. de la Dent d’Oche 1B, 1024 Ecublens, 

Switzerland 

Email: jeroen.goyvaerts@ligentec.com 

As prototype solutions for automotive LIDAR mature, the need arises for chip- scale automotive-
certified solutions. LIGENTEC is a silicon nitride foundry for photonic integrated solutions, 
partnered with a high-volume, automotive-certified fab to address this demand. LIGENTEC’s All-
Nitride, high-confinement technology is ideally suited for high- power handling and 3D stacking of 
waveguides into a multi-level architecture, thus opening up new design opportunities. The All-
Nitride technology also has ultra-low propagation losses, down to 0.07 dB/cm. The optical IO of the 
All-Nitride platform has demonstrated sub-1dB coupling losses between SMF-28 and the waveguide 
circuit. Moreover, beam spots coming out the IO are measured to have M2-values of 1.06, ideally 
suited for far-field imaging. This combination of low-loss IO, high optical confinement and low 
propagation loss can bring the channel losses down to a minimum in coherent lidar, where every 
receiving photon counts. 
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Monopulse Laser Radar with a Si-Photonic Wavelength-Steered 
Serpentine Optical Phased Array  

Channing P. Philbrick(1,2) and Kelvin H. Wagner(1) 
(1) University of Colorado Boulder, Boulder, CO 80309

(2) Ball Aerospace & Technologies Corporation, Broomfield, CO 80021

Email: channing.philbrickjr@colorado.edu 

Key-words: Optical phased array (OPA), monopulse laser radar, multibeam ladar, silicon photonics 

We present for the first time a new measurement modality, monopulse laser radar, derived from 
monopulse radar theory using a Si-photonic, two-dimensional wavelength-steered serpentine optical 
phased array (SOPA). Target localization is performed with two millimeter- scale tiles forming a 
single transmitter-receiver pair. The laser is electro-optically modulated to produce coarse (40 GHz) 
and fine (1.5 GHz) frequency-shifted upper and lower sideband beams, which yields a cluster of five 
independently modulated overlapping beams at the target transmitted from a single aperture. 
Scattered returns are coherently decoded into per-beam contributions, with monopulse radar beam 
ratio techniques applied to achieve angular localization to a small fraction of one beamwidth. Theory 
of monopulse laser radar using serpentine OPAs and most recent results are discussed. 
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Ultra-low Power Dual Frequency Comb Ranging 
Emily Caldwell(1,2), Laura Sinclair(1), Jean-Daniel Deschênes(3), Nathan Newbury(1) 

(1) National Institute of Standards and Technology, Communications Technology Division, Boulder, CO, USA,
(2) University of Colorado, Boulder, Department of Electrical Engineering, Boulder, CO, USA

(3) Octosig Consulting, Quebec City, Canada

Email: emily.caldwell@nist.gov 

Dual comb ranging is a well-established method of laser-based ranging that exploits frequency combs 
to provide absolute, high-precision measurements. It suffers, however, from a significant power 
penalty when compared with conventional FMCW LIDAR. Here, we demonstrate >25 dB 
improvement in the minimum received powers needed for dual comb ranging. Under our operating 
conditions, the minimum received power drops from order 1 nW to 1 pW while maintaining a range 
precision of <6 μm at a 26 kHz update rate. In conventional dual comb ranging, a measurement comb 
is sent to the target and then mixed with a reference comb with an offset repetition rate. Here we do 
away with the repetition rate offset and instead run the reference comb as a tracking oscillator 
following the movement of the measurementcomb’s pulses. This work positions dual comb ranging 
as a promising method of high precision ranging in dynamic, power-starved environments. 

Figure 1: Low power dual comb ranging 
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Short Comb Atmospheric Lidar Experiment (SCALE): principles, 
activities at CNES and perspectives for a new lidar concept 

Romain Arguel, Mathieu Boutillier, Marion Costella, Philippe J. Hébert, Pierre Lafrique, Alex 
Materne, Jordi Roubichou, Véronique Tyrou 

 CNES, 18 av. E. Belin, 31401 Toulouse, France 

Email: philippe-jean.hebert@cnes.fr 

Dual Comb Spectroscopy principles with short combs (only a few teeth are Electro Optically 
generated by modulation of a CW laser) open the path to a new generation lidar instrument, 
potentially used in Green House Gases sounding missions, airborne or from space. 

Frequency combs scan a whole absorption line of the target molecule with a near perfect mastering 
of the spectral pattern. Thus, the first advantage of short combs is to relax the need for frequency 
calibration as in DIAL lidars. More generally, it allows for a retrieval processing, based on Bayesian 
optimal estimation,that can deal with several technical or geophysical unknowns, thanks to the 
spectral richness and accuracy in the signal. 

After a series of R&D studies dedicated to these principles and techniques, the French space agency 
(CNES) has initiated the development of an airborne proof of concept. Based on telecom components 
at 1.572 µm, it includes the newest Double Heterodyne Detection technique and is designed for 
atmospheric CO2 measurement in real conditions, so as to assess the performance and the interest of 
this architecture. CNES is also starting an advanced study of a space borne mission based on this 
concept. 

Our paper will present the details of this architecture, the different components involved, the results 
obtained so far. Then the design and agenda for the airborne demonstrator will be presented. Finally 
its foreseen performances and technical perspectives for a future space application will be discussed. 
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Coherent Electro-Optic Frequency Comb Lidar for CO2 IPDA 
measurements: preliminary design and speckle issues 

William Patiño, Nicolas Cézard 
ONERA/DOTA, Université de Toulouse, F-31055 Toulouse France 

Email:  william.patino@onera.fr 

KEYWORDS: Lidar, frequency comb, electro-optic, CO2, speckle, greenhouse gases, coherent 
detection, surface characterization 

We report on the design of a dual electro-optic frequency comb (EOFC) lidar system for integrated 
path differential absorption (IPDA) measurements. We first discuss the principle of gas concentration 
measurements by means of EOFC in a coherent detection mode. Concentration measurements of pure 
CO2 and C2H2 in fiber gas cells are presented. In the second part, the impact of speckle noise on an 
EOFC based lidar system is assessed. The precision of the concentration measurement is found to 
depend on the roughness of the backscattering surface. To illustrate the dependency of the error in 
the concentration estimate with surface roughness, concentration measurements of pure CO2 and 
C2H2 gas cells were conducted using light backscattered from different surfaces in a dual EOFC 
setup. Results suggest that it is possible to use an EOFC-based system for surface characterization. 
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Wind Lidar Data Processing and Results from the CPEX-AW 
Campaign 

Zhaoyan Liu, Kristopher Bedka, and Michael Kavaya 
NASA Langley Research Center, Hampton, VA 23583 USA 

Email:  Zhaoyan.liu@nasa.gov 

KEYWORDS: Coherent Doppler wind lidar, wind, and aerosol 

The Convective Processes Experiment – Aerosols & Winds (CPEX-AW) campaign was carried out 
in St. Croix in summer 2021. It was a joint effort between the US National Aeronautics and Space 
Administration (NASA) and the European Space Agency (ESA) and a follow-on to the CPEX field 
campaign which took place in summer 2017. The primary goal was to conduct a post-launch 
calibration and validation activities of the Atmospheric Dynamics Mission-Aeolus (ADM-AEOLUS) 
Earth observation wind lidar satellite and study the dynamics and microphysics related to the Saharan 
Air Layer, African Easterly Waves and Jets, Tropical Easterly Jet, and deep convection in the 
Inter Tropical Convergence Zone (ITCZ). The NASA Langley Research Center (LaRC) Doppler 
Aerosol WiNd lidar (DAWN) is a primary instrument onboard the DC-8 aircraft used to observe 
atmospheric dynamics. We will describe the data processing algorithm developed at LaRC and 
present DAWN wind data from this campaign. 
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Doppler Lidar Measurements from the Twin Otter and WP-3D 
Aircraft 

Amanda Makowiecki(1,2), Michael Zucker(1,2), Maxwell Holloway(1,2), Richard Marchbanks(1,2), 
Ann Weickmann(1,2), Sunil Baidar(1,2), Edward Strobach(1,2), Scott Sandberg(2), W. Alan Brewer(2) 

(1) Cooperative Institute for Research in Environmental Sciences, University of Colorado,
Boulder CO, USA 

(2) Chemical Sciences Laboratory, National Oceanic and Atmospheric Administration, Boulder CO, USA

Email:  amanda.makowiecki@noaa.gov 

KEYWORDS: Doppler lidar, motion compensation, mobile platform, aircraft, scanning lidar 

In Summer 2021 the Atmospheric Remote Sensing Group at NOAA deployed a Doppler lidar on the 
WP-3D and Twin Otter aircrafts. During the WP-3D flights, the lidar system used an optical wedge 
scanner to perform continuous scans for 3D wind measurements. Test flights targeted convective 
systems over the ocean to determine the applicability of the system for hurricane monitoring. System 
performance was evaluated in comparison concurrent dropsonde measurements. The Twin Otter 
installation was a hemispheric scanner which extended out the side of the aircraft to perform upward 
and downward looking scans and motion-compensated stares. Scanner performance was evaluated 
in comparison to ground based Doppler radar measurements. This presentation will focus on the 
challenges associated with the deployment of the ARS system on these aircraft, the validation of this 
instrument against concurrent measurements from other profiling techniques, and conclude with 
preliminary results from both installations. 
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Doppler Lidars and Direct Detection Lidars used Together with 
other Remote Sensing Observing Systems in the NY Metropolitan 

Region 
Mark Arend*(1,2), David Ligon(3), Deryck James(3), Gabriel Rios(1,2), Jenifer Vivar, (1,2), 

Dingdong Li(1,2), Yonghua Wu(1,2) , Prathap Ramamurthy(1,2), Fred Moshary(1,2) 
(1) City College of New York, CUNY, NY, NY 10031, USA,

(2) NOAA – Cooperative Science Center for Earth System Sciences and Remote Sensing Technologies
(3) US. Army Research Laboratory CCDC 2800 Powder Mill Road, Adelphi, MD 20783

Email: marend@ccny.cuny.edu 

Multiple Coherent Doppler Lidar Systems and Direct Detection Lidars systems installed on rooftops in 
the New York Metropolitan region operate during select Heat Events during the Spring and Summer 
seasons to observe the turbulent structure of the atmospheric boundary layer. These observations provide 
estimates of the transport of pollution in and around the Urban Coastal New York Metropolitan Region. 
The Lidar Data sets are combined with data sets from a Scintillometer and Microwave Radiometers so 
that the planetary boundary layer thermodynamic profiles and the urban canyon aspects can be analyzed 
together to compare multiple Lidar return signals. An urban terrain mapping product is produced by 
scanning the surface using Doppler Lidar. Multiple types of Coherent Doppler Lidar Scan strategies 
have been used to observe the urban boundary layer dynamics close to the building structures as well as 
the vertical profiles of the wind fields. 
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Validation campaigns for Aeolus with the ALADIN Airborne 
Demonstrator and 2-µm Doppler wind lidar team  

Christian Lemmerz(1), Oliver Lux(1), Benjamin Witschas(1), Stephan Rahm(1), Karsten Schmidt(2), 
Uwe Marksteiner(1), Alexander Geiß(3), Andreas Schäfler(1), Fabian Weiler(1) and Oliver 

Reitebuch(1) 
(1) Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre,

Oberpfaffenhofen 82234, Germany 
(2) Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Methodik der Fernerkundung,

Oberpfaffenhofen 82234, Germany 
(3) Ludwig-Maximilians-University Munich, Meteorologisches Institut, 80333 Munich, Germany

Email: christian.lemmerz@dlr.de 

The German Aerospace Center (DLR) has conducted four airborne campaigns with a focus on 
validating the Aeolus wind products during different states of the ESA mission since launch in 2018. 
During these campaigns, the DLR Falcon aircraft was equipped with two Doppler wind lidar 
instruments (DWLs): the ALADIN Airborne Demonstrator (A2D), being the prototype of the direct 
detection wind lidar instrument on-board Aeolus, and a high-accuracy scanning coherent detection 2-
µm DWL, used as a reference. The two instruments were operated in parallel in a downward looking 
configuration for coordinated flights along a total distance of 26,000 km under the Aeolus 
measurement track. 

Complementary and synergistic results from both DWLs allow us to characterize the Aeolus wind 
errors and to provide recommendations for the optimization of the Aeolus wind retrieval. 

This contribution gives an overview of the Aeolus wind measurement performance evolution and 
related results from the four airborne validation campaigns. 

. 
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Coherent Lidar in Machine Learning Systems 

James R. Curry, Bo Li 
Aurora Innovation, Inc.  USA 

Email: zbarber@aurora.tech 

Recent advances in coherent lidar technology have enabled large-scale deployments of the technology 
and the collection of large datasets. This has created the opportunity to use coherent lidar as a key sensor 
in machine learning systems, supporting robotics applications such as autonomous vehicles. Use of 
coherent lidar in these systems offers important advantages compared to traditional direct-detect lidars, 
including long-range sensitivity, rejection of interference, and Doppler shift measurements. These 
advantages enable improvements in the quality of labeled datasets, as well as performance 
improvements for the machine learning systems they support. Example data from Aurora’s mobile 
FMCW lidar sensors are presented along with demonstrations of these data’s use within Aurora’s 
machine- learned perception system. 
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Towards Boosting Lidar Range using Convolutional Neural 
Network  

M. Machta, L. Thobois and P. E. Allain
VAISALA, Saclay, France  

Email: pierre.allain@vaisala.com 

Keywords: Semantic segmentation, hard targets, filtering, outliers 

High data availability is often critical for many Lidar applications. Threshold-based filtering has 
shown moderate performance when anomalies are encountered such as parasitic noise and hard 
targets. For noisy or faulty environments, the solution is often to increase the noise threshold to keep 
only higher quality data. While this approach guarantees reliability, it sacrifices availability. In this 
research, we use a convolutional neural network to classify faulty data, removing them from the 
“Wind” set. At a minimum, this filter could be used to clean the Lidar of parasitic hard targets. In 
another form, this filter allows a decrease of the noise threshold and thus an increase in availability. 
After training on 24 datasets (190 million pixels and 1200 scans), using semantic segmentation, the 
CNN can reliably classify each pixel as Wind, Hard targets, or Outliers with a probably of good 
detection of 99.8, 94.5 and 89.9% respectively. 

Figure 1: (a) Annotation method for training on existing datasets. (b) Availability versus range for several 
filtering strategies. (c) Example of classification of Hard targets (HT), Noise and Wind from ill-defined raw 
data containing outliers. (d) Confusion Matrix showing the performance of the classification process. 
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Coherent Doppler wind lidar with real-time signal processing and neural 
network-based frequency estimation 

O. Kliebisch, H. Uittenbosch, and J. Thurn
Institute of Technical Physics, German Aerospace Center, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany 

Email: oliver.kliebisch@dlr.de 

Key-words: Coherent wind lidar, convolutional neural network, machine learning, FPGA, signal 
processing 

 Multi-classification using a convolutional neural network (CNN) is proposed as denoising method 
for coherent Doppler wind lidar (CDWL) data. The method is intended to enhance the usable range 
of a CDWL. The method is implemented and tested in an all-fiber pulsed CWDL system operating 
at 1550 nm wavelength with 20 kHz repetition rate, 300 ns pulse length and 180 μJ of laser energy. 
Real-time pre-processing using a field programmable gate array (FPGA) is implemented producing 
averaged lidar spectrograms. Real-world measurement data is labeled using conventional frequency 
estimators and mixed with simulated spectrograms for training of the CNN. First results of this 
methods show that the CNN can outperform conventional frequency estimations substantially in 
terms of maximum range and delivers reasonable output in very low signal-to-noise (SNR) situations 
while still delivering accurate results in the high-SNR regime. Comparing the CNN output with 
radiosonde data shows the feasibility of the proposed method. 

. 
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Fast Digital Holography Model Based Iterative Reconstruction 
Algorithms  

Charles Brookshire(1) , Sherman Jordan Kisner(1), Casey Pellizzari(2), Charles Bouman(1) 
(1) School of Electrical Electrical and Computer Engineering, Purdue University, USA

(2) US Air Force Academy, USA

Email: bouman@purdue.edu 

Recently, digital holographic model based iterative reconstruction (DH-MBIR) algorithms have been 
proposed that recover images that are distorted by atmospheric turbulence. The DH-MBIR algorithm 
works by jointly estimating both the wave-front distortion due to atmospheric turbulence along with 
the image. However, direct implementation of the DH-MBIR algorithm tends to be computationally 
expensive. In this research, we demonstrated a python software package, hpdhmbir, which 
dramatically reduces computation through both the careful design of algorithms and the mapping of 
these algorithms to hardware. The package uses multithreaded C implementation of the core 
algorithmic loops for speed, but it uses a cython wrapper and a python user interface to make 
prototyping and experimentation easy. In addition, we demonstrate how these core operations can be 
combined into a very efficient and potentially real-time algorithm for image reconstruction at high 
temporal frame rates. 
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Mutli-Agent Consensus Equilibrium for Range Compressed 
Holographic Surface Reconstruction 

devices  

Tony G. Allen(1,2), David J. Rabb(2), Gregery T. Buzzard(1), Charles A. Bouman(3) 
(1) Department of Mathematics, Purdue University

(2) LADAR Technology Branch, Air Force Research Laboratory
(3) School of Electrical and Computer Engineering, School of Biomedical Engineering, Purdue University

Stanford University, USA 

Email: allen450@purdue.edu 

Recently developed image reconstruction algorithms for range-compressed holography (RCH) have 
proven effective at correcting distributed-volume at- mospheric phase errors. However, these methods 
are limited by speckle and measurement noise. In this work, we address these issues by first proposing 
a reformulation of the RCH inversion problem in terms of the target’s underly- ing speckle-free 
reflectance, rather than the complex-valued field. In estimating the reflectance, one is able to reduce the 
effects of speckle as well as leverage the increased spatial correlation granted to suppress measurement 
noise. We then present an algorithm for surface reconstruction from phase-corrected RCH data under 
the Multi-Agent Consensus Equilibrium framework. This approach integrates a convolutional neural 
network surface model with a physics-based model for data fidelity. Finally, we present a metric of 
image quality, and use it to demonstrate our approach’s ability to increase signal photon efficiency in 
RCH data collection. 
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Range Selective Digital Holographic Imaging Using FMCW Lidar 

Matthew A. Goodman, R. Krishna Mohan, and Wm. Randall Babbitt 
(a) Spectrum Lab, Montana State University, Box 173510, Bozeman, Montana 59717, USA

Email: matthew.goodman2@student.montana.edu  

Key-words: lidar, digital holography, coherent imaging, range resolved imaging 

The integration of chirped frequency modulated continuous wave (FMCW) lidar techniques into 
digital holographic imaging allows for range selective holography well beyond the depth of field of 
the system. The technique makes use of FMCW transmit and reference beams with the frequency of 
the reference beam shifted to compensate for the FMCW beat frequency associated with a selected 
range. The result is temporally stable holographic images formed for only objects at the selected 
range. Holograms associated with objects at all other ranges oscillate and integrate towards zero. 
Experimental demonstrations of this technique are presented, showing cancellation of obscuring 
objects as well as enhanced contrast in images of objects at different ranges. Further development of 
this technique towards the phase stabilization of digital holographic images to compensate for target 
range and motion will be discussed. 
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Time-resolved Synthetic Wavelength Holography for imaging through 
scattering 

Muralidhar M. Balaji, Danyal Ahsanullah, and Prasanna Rangarajan 
Department of Electrical and Computer Engineering, Lyle School of Engineering, Southern Methodist 

University, Dallas, TX – 75205 

Email: mmadabhushibalaji@smu.edu 

Key-words: Coherent Sensing Modalities and Architectures 

Objects embedded within a scattering medium are localized by measuring the Time-of-flight (ToF) 
distribution of light paths emerging from a scattering medium. Here, we utilize FMCW 
interferometry for obtaining shot-noise limited ToF measurements. Given the high temporal 
resolution afforded by FMCW, it is possible to use this approach over a wide range of scattering from 
ballistic to diffuse. But, direct application of the FMCW technique in a scattering scenario leads to 
speckle artifacts. We address the problem by acquiring ToF measurements at two closely spaced 
wavelengths and mixing them to synthesize a complex-valued ToF return at the synthetic 
wavelength. Linearity of the phase at the synthetic wavelength can be exploited to identify the 
endpoints of the ToF return and attempt subsequent denoising. The denoised ToF return can now be 
used to recover the embedded object in 3D using conventional inversion procedures used in Diffuse 
Optical Tomography (DoT). 
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Use of Fog Emulator for Lidar and Digital Holography 
Measurements 

Corey Pearson, Brianne Malchow, Jaime Neeley, Matthew Goodman, Krista Drummond, 
Krishna Rupavatharam, and Wm. Randall Babbitt 

 Spectrum Lab, Montana State University, Bozeman, MT 59715 

Email: corey.pearson@student.montana.edu 

Key-words: Coherent lidar, digital holography, coherent imaging, fog emulator, Mie scattering 

Our research combines scanned frequency modulated continuous wave (FMCW) lidar and digital 
holography to develop enhanced techniques for coherent imaging through moderate to heavy fog. We 
report here on the development of a “table-top” simulated fog environment with up to 50 meters range. 
The fog emulator consists of a four-meter tower with mirrors mounted at the top and base that allow 
multiple passes through the emulator on transmission to and reflection from targets, with a 2” aperture. 
Scattering plates made of BaTiO3 particles embedded in resin are placed in the tower to simulate the 
volumetric Mie scattering of fog with variable visibilities. The well- characterized particle density and 
size distribution of each plate enables productive comparison of our lidar and FMCW digital 
holographic imaging with computer simulations of Mie scattering. 
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Fourier-Basis Multi-Beam Interferometric Lidar 

Kelvin Wagner(1), M. Brand(1), N. Dostart(2), K. Nowicki(3), D. Feldkhun(4), and W.T. Rhodes(5) 
(1) University of Colorado, Boulder, CO 80309.

(2) NASA Langley Research Center, Hampton, VA, USA, 23681
(3) Oxford University, Dept Physics, Clarendon Laboratory, Parks Road, Oxford, OX1 3PU, UK

(4) LambdaMetrics, 1540 30th st, 26D RL2, Boulder CO 80309
(5) Dept EECS, Florida Atlantic University, 777 Glades Road Boca Raton FL, 33431-0991

Email: kelvin@colorado.edu 

1. We describe a computational lidar imaging scheme that uses structured- light traveling-fringe
projection from a nonredundant array of frequency-shifted beams. Pairwise interference
between an N ×N array of Doppler-shifted beams produced by an orthogonal pair of acousto-
optic deflectors driven by nonredundant sets of RF frequencies can be used to simultaneously
probe O(N 4) spatial Fourier components each modulated onto unique RF tones. Spatial
Fourier syn- thesis reconstructs the 2-D lidar image from the measured amplitude and phase
of the corresponding temporal Fourier components. Turbulence can distort the projected
fringes but time averaging the magnitude and phase or using a self- calibration algorithm can
allow the extraction of the complex spatial Fourier components since the intensity beat notes
of the backscattered light are unaffected by the turbulence. Alternatively, a 2-D spatial non-
redundant array of wideband frequency shifted CW transmitters can be used to Fourier
synthesize a full 3-dimensional image with range resolution determined by the bandwidth
spanned by the array of transmitters.

. 
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Coherent sensing performance using photon-counting arrays 
Maureen Szymanski  

Ladar Technology Branch, Sensors Directorate, Air Force Research Laboraotry, USA 

Email:  maureen.szymanski@us.af.mil 

KEYWORDS: Coherent lidar, photon-counting detectors, Geiger mode avalanche photodiodes 
(GMAPDs) 

Photon counting Geiger mode avalanche photodiode (GMAPD) arrays are typically used for high 
resolution 3D ranging. However, these detectors are also desirable for coherent sensing due to their 
high gain and bandwidth. This study explores the performance of a frequency modulated continuous 
wave (FMCW) heterodyne lidar system employing a GMAPD detector. The carrier-to-noise ratio, 
power spectral density and data rates of these unique systems are analyzed to demonstrate the tradeoffs 
between GMAPD readout architectures and other detector parameters. Ultimately, it is shown that the 
sparse coherent signal can be extracted from GMAPD outputs, using much less recorded data than a 
traditional coherent detector. 

. 
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Laser Doppler multi-beam differential vibration sensor for 
detection of buried objects 

Vyacheslav Aranchuk(1), Stanley Johnson(2), Ina Aranchuk(1), Craig Hickey(1) 
(1) University of Mississippi, National Center for Physical Acoustics, 145 Hill Drive, University, MS, USA

(2) Coherent Light Science, LLC

Email: aranchuk@olemiss.edu

Keywords: laser Doppler vibrometer, interferometric sensor, acoustic detection, buried object, 
landmine 

Laser-acoustic detection of buried objects, such as landmines, employs low frequency elastic waves 
excited in the ground and a laser Doppler vibrometer (LDV) for vibration imaging of the ground surface. 
While providing vibration measurements with high sensitivity, traditional LDVs are sensitive to motion 
of the vibrometer itself. This requires the vibrometer to be used on a stationary platform or the 
implementation of a sophisticated motion compensation technique. A novel Laser Multi-Beam 
Differential Interferometric Sensor (LAMBDIS), that allows for measurement of vibration fields with 
high sensitivity, while having low sensitivity to the motion of the vibrometer has been developed. The 
principle of operation of the LAMBDIS is based on the interference of light reflected from different 
points on the object surface illuminated with an array of laser beams. The common path geometry 
cancels out the Doppler shift induced by the sensor motion and allows for measurements from a moving 
vehicle. Performance of the LAMBDIS for real-time detection of buried objects has been investigated 
in field experiments. A description of the sensor, its performance and experimental results are presented 
in the paper. 
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Polarimetric Frequency-Modulated Continuous-Wave Lidar 

Michael R. Roddewig, J. Lawson Turcotte, Bryan J. Scherrer, Joseph A. Shaw 
Optical Technology Center, Montana State University USA 

Email: michael.roddewig@montana.edu 

Key Words: FMCW lidar, polarimetric lidar, Mueller matrix 

This talk will discuss the design and development of a polarimetric frequency-modulated continuous-
wave (FMCW) lidar. The lidar is a primarily fiber-coupled 785 nm system being developed at the 
Montana State University Optical Technology Center for enhanced target material identification. This 
novel lidar system will combine both high resolution depth and velocity data and measure the first three 
diagonal elements of the target’s Mueller matrix, allowing for information on the target material to be 
inferred in addition to the usual range information. The construction of the lidar, design choices, and 
preliminary results will be presented. 
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Bistatic Synthetic Aperture Lidar using Pseudo-noise Interferometry 

Kai-Ting Ting(1), Kelvin Wagner(1), and Charles Garvin (2) 
(1) University of Colorado Boulder, UCB 425, Boulder, CO 80309

(2) Lockheed Martin Coherent Technologies, 135 S Taylor Ave, Louisville, CO 80027

Email: Kai-Ting.Ting@colorado.edu 

We present a new bistatic lidar system approach that enables practical 3D synthetic aperture imaging 
by measuring time difference of arrival (TDOA) through an interferometric product between BPSK 
coded pseudo-noise (PN) codes. Two parallel flying apertures on (e.g. airplane wingtips) transmit 
time- shifted BPSK PN codes illuminating an overlapping ground footprint. The differentially delayed 
backscattered signals are interfered on a wideband receiver and produce a large time-shifted PN code 
modulation via the shift-and-add property of maximal-length sequences, while bistatic range is 
encoded as small time shift. Both bistatic range and TDOA are extracted from non-overlapping shifted 
segments of the circulant correlation. The third dimension of imaging is provided by the synthetic 
aperture principle since successive circulant correlation peaks from each target are encoded with 
corresponding quadratic phase factors conveniently scaled by a synthetic RF wavelength produced by 
a GHz-scale frequency offset between the two transmitters. 

. 
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Infrared hyperspectral lidar for detecting coherent backscatter 
from insect  

Lauro Müller(1), Jacobo Salvador(1), Hampus Månefjord(1)*, Meng Li(1), Anna Runemark(2), 
Carsten Kirkeby(3,4), Nina Reistad(1), Mikkel Brydegaard(1,2,4,5) 

(1) Department of Physics, Lund University, Sweden:
(2) Department of Biology, Lund University, Sweden

(3) Department of Veterinary and Animal Sciences, Copenhagen University, Denmark
(4) FaunaPhotonics A/S, Copenhagen, Denmark

(5) Norsk Elektro Optikk A/S, Oslo, Norway

Email: hampus.manefjord@forbrf.lth.se

Keywords: Hyperspectral, SWIR, Aerofauna, Lidar, Thin film 

Development of diagnostic tools to tackle issues with declining insect diversity required 
differentiation of the largest number of species. Flat thin wings predominantly contribute backscatter, 
which to some extent is co-polarized, coherent and collimated. The spectral content of coherent 
scatter is affected by nanoscopic details such as wing thickness or surface roughness and which vary 
among species. 

We have developed an elastic short-wave-infrared hyperspectral lidar to retrieve such signals from 
free-flying insects. The system is based on a high brightness super continuum light source stripped 
from its visible part of emission. The returning light is resolved in range and photon energy by a 
double Scheimpflug configuration implemented by rapid prototyping and 3D printing. The lidar 
retrieve full waveform echoes in 70 spectral bands from 950 to 1650 nm at a maximum rate of 600 
Hz. We report the design concept and the initial field results. 
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Many‐beam lidar for agile range mapping 
Daniel Feldkhun  

LambdaMetrics LLC, 1540 30th Street, RL2 Suite 26D, Boulder, CO 80309 

Email: lpan@advaluephotonics.com 

Keywords: lidar, range mapping, coherent sensing, velocimetry, CW, RF, GNC, EDL, HDA, TRN, 
RPOD 

We introduce a "ubiquitous lidar" (u‐lidar) technology, which in analogy to ubiquitous radar, "looks 
everywhere all of the time" within its field of view. U‐lidar is capable of ranging > 100k points 
simultaneously and continuously at rates of > 10M points/sec without scanning or moving parts. U‐
lidar employs a high‐bandwidth high‐etendue receiver and an RF‐encoded two‐dimensional laser 
beam array that can be dynamically reconfigured in microseconds, providing disambiguated cm‐scale 
range resolution from meter to kilometer distances. U‐lidar can be used with a co‐propagating 
reference beam, or can provide heterodyne gain and velocimetry using a local oscillator array. We 
present simulation results, a proof‐of‐concept range mapping and disambiguation demonstration, and 
a novel coherent detection scheme. Our u‐lidar prototype is small, lightweight, and low‐power, 
facilitating integration with spacecraft, aircraft, vehicle, and robotic platforms. U‐lidar's agility could 
also benefit spacecraft proximity operations and entry, descent and landing (EDL) applications. 
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Enhancement of heterodyne-detection efficiency in wind sensing 
coherent Doppler lidar using active alignment of receiving beam 

for the recovery from misalignment and the lag-angle 
compensation 

Y. Ito, M. Imaki, T. Sakimura, T. Yanagisawa, and S. Kameyama
 Mitsubishi Electric Co. Japan 

Email: Ito.Yusuke@db.mitsubishielectric.co.jp 

Keywords: Lidar, Laser Radar, Optical alignment, Lag-angle 

Coherent Doppler lidar (CDL) is widely known as a practical remote sensor and utilized for 
meteorological and aviation applications. The CDL is based on the heterodyne detection method and 
shot noise limit is theoretically realized using interference between the received (RX) and local 
oscillator (LO) beam. Although high receiving sensitivity might be achieved in existing CDLs, 
decreasing of heterodyne efficiency is caused by the lag angle between the RX and LO beam in the 
case of the optical misalignment by mechanical shock or the high-speed beam scanning. We present 
the evidence of decreased heterodyne-detection efficiency for each case, and demonstrate on the 
recovery of the efficiency by employing the active alignment with double wedge prism. 
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Characterization of 2 µm coherent LIDAR system with 1 GHz 
Pseudorandom Binary Sequence (PRBS) Phase Modulation 

Robert Ryan, Phil Gatt, Glenn Goranson, Omar Rodriguez, James Thompson 
Lockheed Martin Aeronautics, USA 

Email: robert.s.ryan@lmco.com 

Keywords: LADAR, PRBS, 2 micron, vibration, doppler, system modeling, characterization, data 
collection 

We have developed a 2 µm coherent LIDAR system using a prototype Fibertek laser transmitter and 
a commercial off the shelf (COTS) OeWaves local oscillator. The laser transmitter has 20 W of 
average power with a PRF of 1500 Hz and a duty cycle of 25%. The system is capable of generating 
multiple PRBS patterns but primarily utilizes 1 ns chips sizes within the 167 µs pulse width. Signal 
performance was modelled against various targets and compared to experimental results captured at 
ranges up to 5.7 km. Range resolution was demonstrated against multiple target shapes and compared 
to predictions based on various chip sizes within the waveform. Ground based velocity and vibration 
results were also obtained and compared to the predicted results. We present the findings of 
experimental results to date and plans for future advancements. 

. 
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