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Coupled with remote optical 
sensors, drones have become 
an attractive option for 
examining bridge, roadway, 
and railroad infrastructure.
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IF YOU’VE EVER BEEN LUCKY ENOUGH TO TRAVEL to (or live in) Japan, 
you might have noticed that some stoplights are not red, yellow, and green, 
but instead red, yellow, and greenish-blue (almost decidedly turquoise). 

Although the color of stoplights is codified by international law (read the 
Vienna Convention on Road Signs and Signals if you’re curious), Japan’s  
bluish-green stoplights have a linguistic origin: historically, the Japanese 
word au covered the spectrum of both blue and green. Although a word 
meaning only green (midori) was added to the language centuries ago,  
the linguistic blending of the two colors persists in the language today.  
For example, au-ringo literally means “blue apple.” Similarly, the Japanese 
driver’s exam reportedly requires the driver to be able to distinguish between 
red, yellow, and blue.

Rather than overcome the hurdle of an embedded linguistic (and thus cul-
tural) practice, for something that doesn’t matter that much anyway, in the 
1970s the Japanese government mandated that stoplights would be a very blue 
shade of green. Bleen. So it still makes perfect sense to describe them as au.

There are, of course, many established and inviolable transportation 
standards, especially where safety is concerned. But others, perplexingly, 
don’t exist at all. Today, optical engineers are working with automotive 
manufacturers to develop heads-up displays for windshields, but there are 
no standards to guide or assess the safety of these displays. Is it a good idea 
to display extra layers of “helpful” information in the driver’s field of view? 

Lidar, which has moved beyond R&D into fierce commercial competition, 
also lacks published standards to dictate what is required from an automotive 
lidar system. Today, numerous different technology approaches are market 
ready, and they deliver different results, with different levels of safety and 
performance.

And, as we move toward Industry 4.0—a not-so-distant era when our 
cars will “talk” to traffic signals, buildings, other cars, and yes, possibly 
even pedestrians—what will emerge as the standard of blisteringly fast 6G 
communication? 

Although the automotive industry is, in many ways, well established, the 
future remains unsettled. New optical technologies continue to disrupt the 
status quo, from displays to communication to navigation. While a car built 
in 1940 is very mechanically similar to a low-end car built in 2005, the past 
15 years have seen a glut of new technologies to improve safety and comfort. 
And, if the stories in this issue of Photonics Focus are any indication, we can 
expect that the vehicles of the next 15 years will completely transform what 
it means to commute.

GWEN WEERTS, PHOTONICS FOCUS EDITOR-IN-CHIEF

FROM THE EDITOR

Standard Features

Correction:

The last issue’s “Timeline of 
Communication Technology” 
contained an error. It stated 
that the electric telegraph was 
invented by Samuel Morse in 
1837, when Charles Wheatstone 
should get the credit as the 
inventor. Wheatstone’s version 
used five needles—each one 
controlled by its own wire, 
plus a return wire to complete 
each circuit—to indicate letters 
of the alphabet. Ultimately 
Wheatstone’s competitor, Morse, 
won the market because his 
system was simpler and required 
just two wires, one to send the 
signal and a second to complete 
the circuit. But Wheatstone was 
first.
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TO PARAPHRASE William Shakespeare, 
some are born leaders, some are made 
leaders, and some have leadership thrust 
upon them. Here, leaders in optics and 
photonics at various stages of their 
careers discuss their leadership journeys 
and lessons learned.

“In my 40-year career, I never asked 
for any of my leadership roles,” says 
Donis Flagello, president, CEO, and 
COO of Nikon Research Corporation of 
America. “I was content to be a good lab 
scientist, but fate usually has a way of 
intervening. My managers thought I was 
a good leader, maybe because I always 
tried to communicate well with everyone. 
This means listening, explaining your 
point of view, and having back-and-forth 
discussions.” 

According to SPIE CEO Kent Roch-
ford, the transition to a leadership role 
is a pivotal decision for researchers: 
A move to management takes you out 
of the lab, and you eventually reach a 
point of no return. “I studiously avoided 
many management opportunities,” says 
Rochford. “When I was 40, I joined a 
fast-moving startup. After a few months, 
the core development activities were 
reorganized into a large department, 
and I was made manager without  
much choice. Although it bruised my ego 
to learn this, I found that I was better 
at supporting and coordinating R&D 
groups than actually doing the R&D.”

Debbie Gustafson moved from a  
technical sales role to product manager 
while also earning an MBA in manage-
ment. “That was when I knew I wanted 
to lead teams,” says the CEO of Energetiq 
Technology, Inc. “The complexity of 
driving the product line with multiple 
groups, sales, marketing, operations, and 
finance was a rewarding challenge. Over 
the next 10 years, I was also responsible 
for additional departments—customer 
and technical support.” 

During her leadership journey, Gus-
tafson relied on mentors to help her 
navigate the industry. “We learn from our 
mistakes,” she says, “but having a mentor 
can really help you figure out areas of 
weakness sooner rather than later.” 

PhotoniCare CEO Ryan Shelton 
also credits his leadership success to a  
mentor—his PhD advisor who gave him 
“a very long leash” in his lab. “I was able 
to propose a study in photoacoustic 
imaging that wasn’t part of his current 
research. Having that independence and 
leadership ultimately led to my founding 
PhotoniCare.”

Knowing your own personality also 
helps. “I’ve always had a habit of being 
a touch bossy,” says Shelton. “So leader-
ship came naturally. I like to control my 
own destiny, which also plays into why I 
became an entrepreneur.” 

Being a mentor can also enhance 
leaderships skills. After working for five 

years as an individual contributor in  
optical-design engineering, Dan Sykora, 
now vice-president of engineering at 
Jenoptik Optical Systems, moved into 
a role that took on optical-systems 
engineering and project-management 
responsibilities for new product devel-
opment at Zygo Corporation. “I gained 
critical experience working with other 
disciplines related to the design outputs 
from mechanical, electrical, software, 
and procurement groups,” says Sykora. 
“Having enjoyed directing and men-
toring colleagues at a program level, it 
was a natural transition to manage a 
smaller but growing engineering group 
at Jenoptik.”

THE GREEK PHILOSOPHER Epictetus 
is credited with saying, “We have two 
ears and one mouth so that we can listen 
twice as much as we speak.” Good lead-
ership not only requires listening to and 
respecting the opinions of others, it also 
means managing your ego. 

“Your job as a leader is to find excellent 
people and empower them to succeed,” 
says Shelton. “This may result in peo-
ple leaving your project because you’ve 
helped them succeed, and that’s okay. 
That’s part of successful leadership, as 
well.”

Rochford notes that people are often 
more capable than they think they are. 

PHOTONICS FOCUS MARCH/APRIL 20216

Learning to Lead 
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While overly prescriptive directives leave 
no room for the ideas and innovations 
that people bring to problem solving, 
providing clear goals, support, and free-
dom to fail, can lead to wonderful out-
comes. Good leadership communication 
is about balancing competing demands, 
opportunities, and constraints, and then 
letting smart and motivated people do 
their job. And being placed in a leader-
ship role doesn’t necessarily mean that 
that person has those communication 
skills.

“At my first job out of grad school, I 
worked for a truly horrible person who 
was prone to hyperbole that effortlessly 
became outright dishonesty,” says Roch-
ford. “I quit when I was told to lie during 
a customer briefing. I learned early that 
in leadership, integrity, and character 
are paramount.”

One of the most important lessons 
Gustafson learned was that “each person 
is motivated differently. It is critical for a 
leader to understand and support those 
differences.” That element of diversity 
is critical for an organization’s success. 

Her own experience with “explosive 
bosses”—who managed by fear instead 
of cooperation—led Gustafson to develop 
a leadership style that encourages dis-
cussion. 

“I was not successful immediately,” she 
says. “I worked on my skills and continue 
to do so. And I rely on my staff to assist 

”

“

me if I miss something or need to adapt.” 
Sykora concurs on the importance 

of diversity. “Every group should be 
filled with unique personalities that 
communicate and interact effectively in 
different ways,” he says. “As a leader, it is 
important to adapt your own style to best 
position each group member for success.”

Leading by fear to achieve short term 
goals may appear successful at first, he 
says, but will erode the culture; talented 
employees will become frustrated and 
disengaged, or simply leave for another 
opportunity. 

“History is rife with poor leaders,” 
says Flagello. “If you force people to do 
things because you are the boss, you will 
lose their respect, and you will have lost 
your true leadership. I have always tried 
to get consensus with people who worked 
for me. Respectful communication with 
all those you come into contact with is 
extremely important, combined with a 
good modicum of humor.” Shakespeare 
and Epictetus would be proud.

KAREN THOMAS is the Bandwidth 
section editor for Photonics Focus.
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IT IS CRITICAL FOR A LEADER TO
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THE GLOBAL PANDEMIC has presented unique challenges 
for those involved in academia. One of the most affected 
groups are PhD students, a group that was already at higher 
risk of experiencing mental health issues. Studies have 
shown that compared to the general population, anxiety and 
depression is greatly increased among PhD students. One 
factor being that postgraduate education is vastly different 
from undergrad studies—less structured, less centralized, 
and less diverse. Students are expected to find their own 
way while maintaining their grades, conducting lab work, 
and reading and writing papers with very little time to take 
care of themselves emotionally and physically. 

As a result, general wellbeing often takes a backseat when 
students are struggling to meet all the demands on their 
time and minds. PhD students in many universities find 
themselves missing opportunities to socialize within their 
age group as they did as undergrads, and missing the built-in 
community that undergraduate classes provide. 

Many postgraduates are lost in a sea of unfamiliar faces, 
leading to feelings of isolation and loneliness. This is felt 
even more by members of minority groups such as persons 
of color, LGBTQ+ individuals, international students, and 
so on. Also, postgraduate education introduces financial 
and housing challenges new to many students, especially 
first-generation scientists and immigrants. International 
students face added challenges such as contending with visa 
and language issues, as well as being separated from their 
traditional family and social support systems.

All of these challenges have been significantly worsened 
by the pandemic and required isolation measures. Studies 
show that young adults in the US have had worsened mental 
health outcomes during the pandemic as compared to the 

general population, especially when it comes to anxiety and 
depression. Similar trends were shown in a COVID-19 social 
study performed by University College of London (UCL). 
While being the most affected group by age when it comes 
to depression and anxiety, PhD students are also one of the 
most affected groups when sorted by occupation. 

Disrupted schedule: Previously, students had some form 
of routine, even if it resulted in a poor work-life balance. Now, 
many labs have had to halt all work, resulting in students 
being unable to perform experiments necessary for degree 
completion. And yet for most, the PhD clock is still running. 
With no clear end in sight for the pandemic, many students 
worry that their funding will run out before the situation 
is rectified, and with no data produced from experiments, 
students cannot start working on their publications. 

Reduced productivity: For PhD students, the motto 
“publish or perish” is especially true, since a lack of publica-
tions can negatively impact job prospects, leading to further 
financial insecurities and visa issues. Further compounding 
the struggles of international students, many governmental 
immigration centers have shut down, resulting in backlogs 
and delays. For students who have to renew their visas every 
three months, which has become nearly impossible, the stress 
can be insurmountable.

BANDWIDTH

Mental Health in Isolation
PhD students need support, now more than ever 

STUDIES HAVE SHOWN
THAT COMPARED TO THE GENERAL POPULATION, 

ANXIETY AND DEPRESSION
IS GREATLY INCREASED AMONG

PHD STUDENTS.



coping mechanisms and systems in 
place for both mental health and finan-
cial stability. Focusing on PhD students 
who lack these mechanisms and sys-
tems is essential to ensure and support 
the future of academia as a whole. 

OLGA VVEDENSKAYA is a 
postdoctoral researcher in 
translational medicine based 
in Dresden, Germany, and an 
organizational team lead in Dragonfly 
Mental Health.

RUCHAMA STEINBERG is a scientist, 
writer, and passionate mental health 
advocate based in Karmiel, Israel. She 
is currently the communications team 
lead at Dragonfly Mental Health.

WENDY INGRAM is a mental health 
biomedical informatics researcher 
in Oakland, California.  She is the 
cofounder and CEO of Dragonfly 
Mental Health, a nonprofit 
organization dedicated to cultivating 
excellent mental health among 
academics worldwide.  

Increased pressure: “Publish 
or perish” impacts more than just 
future job prospects. Many senior 
researchers may think of this pan-
demic as a fantastic time for their 
students to write review papers. 
However, such an undertaking 
heaped on top of pandemic-induced 
stress and instability has led to many 
students feeling overwhelmed and 
anxious. Worry about their research, 
their health, and their families is all 
but burying them, and the added 
pressure of reading and processing 
an entire field worth of literature 
and writing a review could lead to a 
breakdown. 

Lack of community: The well-
being of first-year PhD students is 
especially at risk. They have just 
moved to a new location, and often 
live alone, so pandemic isolation 
measures can leave many in isolation 
bubbles without any form of social 
interaction to speak of. While many 
senior researchers have families to 
interact and spend time with, many 
young PhD students sit alone in their 
apartments, perhaps do not speak 
the local language, and have no place 
to seek comfort during lockdown. 

Insufficient mental health care: 
Self-help mental health options 
are often limited or nonexistent, 
especially in places where even 
the topic of mental health issues is 
highly stigmatized. Access to profes-
sional help was challenging enough 
pre-pandemic. Isolation measures 
have caused some to postpone visits 
to a doctor, preventing them from 
getting the care they need. Unat-
tended mental health issues can lead 
to an emergency, requiring hospi-
talization, which poses an extreme 
risk of being exposed to COVID-19.

In conclusion, many PhD students 
are struggling, unable to cope with 
unprecedented, untenable, and 
often unbearable conditions. While 
we acknowledge the stress this pan-
demic has caused senior researchers 
and faculty, at their career stage they 
generally have better-established 

How can faculty help?

• Do your utmost to ensure that 
your students' financial and 
visa issues are taken care of, 
and back up your students 
when needed. 

• Establish two or three informal 
coffee-break calls per week 
with your lab and students. Let 
them know that you care about 
them, you’re here for them, and 
you’re available to listen.

• Organize lectures and seminars 
devoted to mental health in 
isolation, and suggest tips to 
make dealing with isolation 
easier. 

• Make sure that your students 
know where to get professional 
help if needed, including 
university and local resources.
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How Science 
Informs US Policy
The US Office of Science and Technology 
Policy has been an institution for over 
four decades. And while it influences 
everything from Open Access policy to 
research and funding directions, most 
people—even Americans—don’t know 
how it works

ON 21 DECEMBER 2018, the US National Quantum Initia-
tive Act (NQI) was signed into law, creating a multiagency 
program to coordinate the federal investment and support 
of quantum technologies. While this was the official launch 
of an increased effort and coordination for quantum R&D 
in the United States, it was also the culmination of many 
years of behind-the-scenes activity to ensure the act was 
supportive of both the science and technology community 
and the interests of the United States. Much of this early 
work to understand the needs and opportunities in the 
quantum ecosystem was coordinated by the  Office of Sci-
ence and Technology Policy (OSTP) and spanned both the 
Obama and Trump administrations.

The Office of Science and Technology Policy is where 
policies that impact science and technology originate. In 
addition, OSTP plays a key role in advising how science and 
technology may impact policy. The interplay between these 
two roles is an integral part of the United States’ science, 
technology, and research enterprise.

Established through the National Science and Technol-
ogy Policy, Organization, and Priorities Act of 1976, “The 
primary function of the OSTP Director is to provide, within 
the Executive Office of the President, advice on the scientific, 
engineering, and technological aspects of issues that require 
attention at the highest level of Government.” 

The influence of science and technology on United States 
policy varies depending on who is President, but despite dif-
ferences in priorities and structure, the mechanism remains 
the same regardless of the administration. 

FIELD OF VIEW

Nominated by the President, the OSTP Director is confirmed 
by the Senate, and in many administrations, the President also 
appoints the OSTP Director to the position of Assistant to the 
President for Science and Technology (APST). This appoint-
ment gives them the ability to provide confidential advice to 
the President on matters of science and technology and manage 
the National Science and Technology Council (NSTC), an inter-
agency body that coordinates science and technology policy and 
federal R&D across the federal government.

The objectives and priorities that OSTP work on are deter-
mined by the Director, in close alignment with the goals of the 
administration. These range from direct technology-related 
topics, like quantum and AI, to more tangential things like 
research integrity and STEM workforce issues. 

Regardless of the topic, OSTP is not a funding agency nor 
a legislative body, but more a convenor of experts that ulti-
mately works to create reports, memos, and other documents 
to help coordinate efforts across agencies and help set strategic 
directions. One example of this cross-agency coordination is 
the annual R&D guidance memo to federal agencies, which 
coordinates budget priorities across the agencies.

Technically seated in the executive branch, the OSTP Direc-
tor does report to the President, but the work of the OSTP still 
represents what they determine to be best for the nation and 
its citizens.

“And that means that it’s very important that you listen to 
multiple voices when you’re designing policy and you’re design-
ing implementation options,” explains Jake Taylor, Fellow at the 
Belfer Center for Science and International Affairs. Taylor also 
served as Assistant Director for Quantum Information Science 
at OSTP from December 2017 until June 2020 while the NQI 
was being crafted and beginning to be implemented. “And so 
you don’t just talk to individuals, citizens. You also don’t just 
talk to companies. You also don’t just talk to politicians.” 

He continues, “So for example, in the work that we did in 
quantum information science and the work that we did in 
high-performance computing, we would put together meetings 
where we’d bring in people from a wide variety of backgrounds 
to discuss options and the perspectives, and we would do 
requests for information.”

And that is the core mission of OSTP: bringing all of that 
input together, forming recommendations, and making deci-
sions on how to move in directions that will benefit both the 
science and technology community as well as the broad inter-
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THE CORE MISSION OF OSTP:
br ing input  together,

FORM RECOMMENDATIONS, AND MAKE DECISIONS
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BOTH THE SCIENCE AND TECHNOLOGY COMMUNITY
AS WELL AS THE BROAD INTERESTS OF THE NATION.



ests of the nation. The work of advising on 
policy at the highest level requires a fully 
informed process.

Inherently, the topics OSTP tackles are 
complex and multifaceted, therefore it would 
be a huge undertaking for the office to have 
experts on call for everything. In reality, the 
size of OSTP is relatively small in compari-
son to the other federal agencies, ranging in  
size from 60–150 people, depending on the 
administration—many of whom are tempo-
rarily assigned from other US agencies. The 
limited size requires them to bring experts 
in for specific topics and projects, and rely on 
external input from relevant stakeholders and
subject matter experts. Many who provide 
OSTP with information and expertise do not 
have experience developing policies or law, but 
that doesn’t really matter: It’s more important 
to be able to talk about the science and tech-
nology in a way that is understandable and 
directed towards the focused requests of OSTP.

“Effectively communicating about research 
requires making clear why it matters to the 
person you’re talking to,” says Lloyd Whit-
man, who served for over five years at OSTP 
working on a wide range of topics and is 
currently Assistant to the Director for Science 
Policy and Planning at the National Science 
Foundation. “When you’re doing research, 
somebody is supporting it. And that support 
is predicated on the hope that at some point 
the knowledge you create will have value. So 
it’s important to think about what that value 
might be, even if the knowledge is relatively 
abstract and its value may not be apparent for 
a long time, and to be able to articulate that. 
That value is what is important to convey 
to the funders (including Congress), policy 
makers, and the public.”

Just as citizens should contact their 
elected officials to voice concerns or provide 

US President 
Joe Biden 
appoints 
geneticist  
Eric Lander 
OSTP Director
Prior to being sworn in as the 
46th US President on  
20 January, Joe Biden 
announced his choice for a 
number of cabinet, director, 
and advisor positions within his 
administration.

His appointment for OSTP 
Director is Eric Lander, a 
geneticist who is president and 
founding director of the Broad 
Institute of MIT and Harvard in 
Cambridge, Massachusetts. 

Lander co-chaired the 
President’s Council of Advisors 
on Science and Technology 
(PCAST) between 2009 and 
2017. As a confirmation of the 
role science and technology 
will have in his administration, 
Biden also announced the 
nomination of Lander to his 
cabinet. Once confirmed by 
Congress, he will be the first 
OSTP Director to serve in a 
President’s cabinet.

In a letter to Lander 
written prior to Biden’s 
inauguration, the President-
elect expressed his desire 
for “recommendations to our 
administration on the general 
strategies, specific actions, 
and new structures that the 
federal government should 
adopt to ensure that our nation 
can continue to harness the 
full power of science and 
technology on behalf of the 
American people.” 

President’s Council of 
Advisors on Science and 

Technology (PCAST)

The President of the
United States

OSTP Director
National Science and
Technology Council 

(NSTC)

Principal Assistant Director, 
National Security

Principal Assistant  
Director, Science (x2)

Policy Advisors and Analysis, Administration, Communications

Associate Director/Technology 
(nominated)

input on legislation, researchers, scientists, 
and engineers should engage in the policy 
and direction-setting efforts of OSTP. It’s 
important for those in the lab or on the man-
ufacturing floor to help shape these policies 
with real-world experiences and expertise.

Taylor agrees: "Yes, reaching out to your 
representatives in Congress is critical, very, 
very helpful for getting your voice heard. But 
in addition, reach out to those in the federal 
government who can at least listen to what 
you’re interested in, and maybe point you to 
an upcoming request for information (RFI) 
or federal register notice. I really encourage 
SPIE Members who see challenges and see 
potential solutions, to respond to requests 
for information, and to be involved with the 
professional societies when they’re putting 
together delegations to visit the executive 
branch.” 

While each administration will set its 
own priorities and direction for science 
and technology, it’s important to recognize 
many efforts span across administrations, 
and not all objectives are met or result in 
notable accomplishments like the quantum 
and nanotechnology initiatives.

“I think maybe the most common mistake 
that I see when people are building policy 
around technology is the idea that there exist 
technological solutions to policy problems,” 
Taylor explains. Because almost inevitably, 
a policy problem is a human problem. One 
has to recognize that policy solutions are 
slow, and consequently, they should be the 
type of thing that can last. And that means 
that they’re going to take time to implement, 
and they’re going to reflect a human process 
rather than a technological process.”

KEVIN PROBASCO is the SPIE Manager of 
Technical & Community Communications.
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LIDAR: 

FIELD OF VIEW

tion to more mature radar and camera technologies, for 
providing situational awareness, localization, mapping, 
and obstacle avoidance capabilities for autonomous cars. 

Most players in the autonomy space rely on lidar today, 
though Tesla is, again, an exception. For some companies, 
this is a critical enough technology to warrant captive 
control and internal development: Waymo, Aurora, Argo, 
GM-Cruise, and Intel-Mobileye are examples of autonomy- 
platform players with internal lidar development efforts. 

The consumer electronics space has also been active in 
promoting lidar capability in products. Apple launched 
lidar-equipped iPads and the iPhone 12 in 2020, allowing 
consumers to experience its impact in a personal way, and 
increasing acceptance as it transitions into safety applica-
tions for ADAS and autonomy. 

AUTOMOTIVE LIDAR INVESTMENTS AND APPROACHES
Since 2013, ~$2B of venture funding has gone into approx-
imately 80 different startups pursuing different technology 
avenues for realizing an automotive performance lidar. 
Additional investments have gone into captive lidar devel-
opments by autonomous vehicle technology players, as well 
as automotive Tier 1 companies like ZF, Valeo, and Conti-
nental. High-profile lidar IP lawsuits have occurred—the 
most well-known was a gripping soap-opera-like legal bat-
tle between Uber and Google in the 2017–2019 timeframe. 

The venture-investment frenzy is due to the somewhat 
inflated and aggressive business projections for autono-
mous ride-hailing and transportation as a service (TaaS), 
and the opportunities created for lidar.  The investments 
are contributing to what appears to be a bubble, reminiscent 
of the fiber-optics investment frenzy for communications 
at the turn of the century. 

Table 1 explains how the roughly 80 lidar companies 
are pursuing different designs based on combinations of 
wavelength, field-of-view (FoV) scanning approaches, and 
the physical principle used (time of flight, or ToF, with 
linear detectors, ToF with photon counting detectors, and 
frequency modulated continuous wave, or FMCW). 

A large percentage of companies belong to cell ❶. A big 
reason is that the material systems used for lasers (GaAs) 
and detectors (silicon) at the 8xx–9xx nm wavelengths are 
highly industrialized, inexpensive, temperature invariant, 
and mature. Scanning enables the use of single or linear 
array elements of lasers and detectors, which are readily 

Lighting the path 
to vehicle autonomy
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THE DARPA GRAND CHALLENGE in the mid-2000s pro-
vided a catalyst for launching autonomous vehicles (AV). 
The original program goal was to develop technologies for 
military applications as part of the Future Combat Systems 
(FCS) initiative. While FCS stalled due to funding, politics, 
and execution challenges, the challenge spawned the talent 
and vision that would later drive efforts of companies like 
Google, General Motors, Ford, and others to launch initia-
tives for driverless cars. Today, many technology companies 
(Waymo, Nuro, Aurora, Argo, GM-Cruise, Nuro, Baidu, 
Alibaba, Plus, Gatik, Zoox, Embark, TuSimple, and Kodiak) 
are pursuing efforts for autonomous operation, including 
ride-hailing and trucking/logistics end markets. Vehicle 
autonomy has five levels (per five SAE definitions), with 
complete autonomy in a certain operational design domain 
(which includes roads, geography, weather, etc.) referred to 
as L4. L5, the highest level, implies complete and uncondi-
tional autonomy. While L5 is still far away (probably beyond 
2030), L4 has become operational in limited geographies 
for trucking and ride-hailing. 

Automotive original equipment manufacturers (OEMs) 
were initially paranoid about technology companies disrupt-
ing their business of selling cars to a high volume of consum-
ers rather than a more limited customer base of ride-sharing 
service providers. Early on they invested in L4/L5 efforts but 
are now more focused on advanced driver assistance systems 
(ADAS) and L3, which is conditional autonomy: hands-off, 
feet-off, and eyes-off as long as the vehicle computer decides 
conditions are appropriate for such operation, with the 
human driver being ready to take control in <10 seconds 
if conditions warrant. Tesla is an exception to the focus on 
L3—they are bullishly predicting, as they have done for the 
past three years, that full autonomy (unclear whether L4 or 
L5) is imminent. Teslaratis are very loyal and patient!

Apart from the autonomy revolution, the DARPA Grand 
Challenge also unleashed significant innovations in sensing 
and artificial intelligence. David Hall of Velodyne, which 
made high-end speakers and sound systems in the early 
2000s, innovated and developed what would later be called 
the “surround view lidar,” where the arrays of lasers and 
detectors rotated 360° to provide a complete 3D image 
of the environment around the car. This proved to be an 
incredibly ingenious innovation and was used by multiple 
competitors in the DARPA Grand Challenge. Over time, 
lidar has become a critical third sensing modality, in addi-
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available. The Apple lidar uses an architecture like that 
in cell ❼—flash, global shutter, vertical cavity surface 
emitting lasers (VCSELs), and single-photon avalanche 
diodes (SPADs), although the performance is much more 
limited than for an automotive safety application. As SPAD 
technology matures, companies in cells ➍ and ❼ become 
extremely attractive from a performance, power, and size  
perspective. 

Despite the many advantages, the 8xx–9xx nm wave-
lengths are less eye safe than 14xx/15xx nm systems. As a 
result, they have lagged in terms of range and resolution per-
formance, although significant disruptions are occurring in 
this regard, especially those using ToF with photon counting. 

The situation for the 14xx–15xx nm wavelengths is 
different (cells ➌, ➏ and ➋). Fewer companies are com-
peting in this space, primarily because the laser and 
detector technologies are not as readily available, and 
optical-device-level expertise is required to create a 
system solution. This is also a more expensive material 
system (InP lasers and detectors) due to lower yields, 
processing immaturity, and smaller wafer sizes. Tem-
perature stabilization of lasers and detectors is required. 
No f lash solutions exist in this wavelength—the expen-
sive material systems used for the laser and detector 
demand that resources be shared (in time and space) 
via scanning (typically mechanical today). The higher 
eye safety margins afforded at this wavelength enable  
better range and resolution performance. Finally, FMCW 
lidar companies exist at the 14xx–15xx wavelengths (cell 
➋). These lidars have some key advantages over ToF 
lidars—simultaneous velocity and range sensing, higher 
immunity to solar and cross-lidar interference, and the 
potential to use optical phased arrays for nonmechanical 

scanning. This approach, however, is still highly imma-
ture and not likely to occur anytime soon.

In the end, not all companies will survive as standalone 
entities to serve the transportation market. Some will, or 
already have, pivoted into other applications, such as secu-
rity, industrial robotics, construction, and mining; others 
will either go bankrupt, merge with competitors, or get 
acquired by larger companies. Over the past six months, 
a total of five companies have announced mergers with 
special purpose acquisition companies (SPACs). Two have 
consummated these mergers (Velodyne in ➊ and Luminar 
in ➌), and three announced intentions to do so (Ouster in 
➍, Aeva in ➋, and Innoviz in ➊). 

The reason for the acceleration of SPAC mergers is  
simple—the applications and opportunities are becoming 
real; it is expensive to industrialize the technology for 
automotive deployment; and venture funds are losing their 
appetite for further risky investments and would rather 
monetize their investments before the boom period ends. 

The five recent SPAC mergers have created market cap-
italization of ~$20B, with about $1.5B going back to these 
companies to fund their industrialization efforts. This 
translates to about a tenfold return for investors, including 
about $1B invested in these companies in prior investment 
rounds. Not bad for five years of work and risks! Optics is, 
indeed, an exciting business.

MARKET SIZE
The automotive market presents significant opportunities 
for lidar and the optical supply chain. According to US 
Securities and Exchange Commission filings by the five 
companies involved in the mergers listed above, total 2025 
automotive lidar revenues for these companies are estimated 

Lighting the path 
to vehicle autonomy

ll, FOV
Physics

8XX/9XX nm,
Flash

8XX/9XX nm,
Scan

14XX/15XX nm, 
Flash

14XX/15XX nm, 
Scan

ToF—linear ➎ ~5 (2 Captive) ➊ ~50 (2 Captive) None ➌ ~5 (1 Captive)

ToF—Photon 
Counting ➐ 2 ➍ ~5 (1 Captive) None ➏ 1 (1 Captive)

MCW None None None ➋ ~10 (2 Captive)

Table 1 Different design approaches for automotive lidar. The numbers refer to total companies in a cell; captive 
companies are not reliant on external funding, because they are Tier 1 suppliers themselves, or within a larger AV 
technology company. ©Patience Consulting LLC (Reproduced from bit.ly/iPhoneLIDAR)
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at $3B for 3M units, including hardware and software rev-
enues, suggesting an average price of $1000/unit. This is 
across L3 ADAS and L4/L5 AV applications for ride-hailing 
cars and autonomous trucks. 

The total available market (TAM) for automotive lidar 
suggested by these companies is on average $40B in 2025 
(though there are large variations across the companies), and 
projected to increase by threefold in 2030. More conserva-
tive estimates and averaging views from multiple propri-
etary financial analyst reports suggest a $10.6B lidar TAM 
in 2025, increasing to $31B in 2030. The TAM comparisons 
for the two different sources are provided in Table 2.

In the averaged industry reports and analysis, the 2025 
TAM of $10.6B assumes 8M L3/L4 cars and 57,000 L4 trucks, 
implying a lidar content on an average of about $1.3K/vehicle. 
The 2030 TAM of $31B is based on 21M L3/L4 cars and 4M 
L4 trucks, with average lidar content of $1.4K/vehicle. The 
reason the lidar content/vehicle does not reduce with volume 
is the higher number of L4 trucks and cars, which consume 
significantly higher lidar content than L3 (which dominates 
the volume and revenues in 2025). These estimates are based 
on projections of TaaS revenues, prices for L3/L4/L5 features, 
and an affordable price point for lidar content per vehicle in 
order to support the overall autonomy services business case. 

The good news in all this is that the SPAC-capitalized 
companies project acquiring 30 percent of the TAM ($3B 
of the $10.6B) in 2025—a $6.4B opportunity still awaits 
other companies to capitalize on. If the SPAC company 
TAM projections are correct, then there is even more gold 
to be mined. But mining the gold is going to require more 
money—and that is the most critical challenge facing stand-
alone lidar companies.

It is also worth noting that the original goal of the DARPA 
Grand Challenge, which was to promote military vehicle 
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Source Item 2025 2030

2020 SPAC company filings
Average TAM—lidar for
ADAS, AVs and trucks, $B

$40 $120

Lidar revenues, ADAS, AVs 
and trucks, $B

$3 N/A

Lidar ASP, $/unit $1,000 N/A

Industry reports and analysis
Average TAM—lidar for
ADAS, AVs, $B

$9.9 $26.9

Estimated TAM, lidar for 
trucks, $B

$0.8 $4.1

Total estimated TAM, lidar 
for ADAS, AVs, trucks, $B

$10.6 $31.0

Lidar content/vehicle,  
$/vehicle

$1,361 $1,437

autonomy, is gaining new life in recent programs like the 
optionally manned fighting vehicle and robotic combat 
vehicle. This presents excellent opportunities for lidar com-
panies to leverage their technology, attract new sources of 
funding, and present potential acquisition opportunities.

THE FUTURE FOR LIDAR IN THE TRANSPORTATION BUSINESS
Just like cameras, lidar is poised to occupy an important 
place in the future of ADAS and AVs as the revolution in 
movement automation progresses. The winners will be 
the ones who recognize that the exciting period of inflated 
expectations in the Gartner Hype Cycle  is nearing the end, 
and the business is entering a more “boring” period that 
demands productivity and execution. Making sure that 
lidar companies are well funded is now critical. Unfortu-
nately, funding is a circular problem—it requires customer 
traction, which in turn demands evidence that the company 
is well funded. 

The companies that succeed will be those with enough 
funding, performance differentiation, customer penetra-
tion, and supplier/manufacturing relationships. The key 
is to have the right combination of product timing, per-
formance, pricing, scalability, and reliability. Automotive 
lidar is a brutal but exciting business, and there will be big 
winners, just like there were in the fiber optics boom-and-
bust period 20 years ago. 

SABBIR RANGWALA led the automotive lidar business 
at Princeton Lightwave until 2017. His company 
Patience Consulting provides expertise on AVs, 
perception, and lidar.

Table 2 TAM Comparisons. ©Patience Consulting LLC
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Industry Updates
M&A
» Teledyne to acquire FLIR Systems, Inc. in a cash and 

stock transaction valued at $8B. The transaction is 
expected to close by mid-2021.

» Altavian, Inc. was acquired by FLIR Systems, Inc. for 
an undisclosed amount effective December 10, 2020.

» John Wiley & Sons, Inc. acquired Hindawi Limited, 
both publishers of large portfolios of scholarly 
journals, for $298M in January 2021.

» TRUMPF GmbH & Co. KG has completed the 
renaming and merger of its wholly owned subsidiary 
SPI Lasers into the TRUMPF group and brand. 
Effective November 28, 2020, SPI Lasers UK Ltd. is 
now TRUMPF Laser UK Ltd.

» Physical Optics Corp. was acquired by Mercury 
Systems, Inc. for $310M effective December 30, 
2020.

» Emisphere Technologies, Inc. was acquired by Novo 
Nordisk A/S for $1.35B effective December 8, 2020.

» Cadence Fluidics was acquired by Adaptas 
Solutions, LLC for an undisclosed amount effective 
December 7, 2020.

» Lockheed Martin Corp. to acquire Aerojet 
Rocketdyne, Inc. for $4.4B. The transaction is 
expected to close in the second half of 2021. 

» Amphenol Corp. to acquire MTS Systems Corp. for 
$1.7B. The transaction is expected to close mid-2021.

» GlobalWafers Co., Ltd. to acquire Siltronic AG for 
$4.6B. The transaction is expected to close in the 
second half of 2021.

» AstraZeneca PLC to acquire Alexion 
Pharmaceuticals, Inc. for $39B. Closing date TBA.

» Oakman Aerospace Inc., Made in Space, Roccor, 
LLC, and LoadPath have all been acquired by 
Redwire, LLC  for deals of undisclosed amounts that 
closed between June 2020 and January 2021.

Executive Updates
» Cristiano Amon appointed CEO of Qualcomm Inc. 

He will succeed Steve Mollenkopf who is retiring 
effective June 30, 2021.

» Patrick Gelsinger appointed CEO of Intel Corp. 
effective February 15, 2021. He succeeds Robert 
Swan who will remain with the company until 
February 15.

» Jeff Ames appointed President and CEO of Tekscan, 
Inc. effective January 15, 2021.

alluxa.com

YOUR ULTRA-
NARROWBAND
FILTER PARTNER
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SOURCES

No Thanks, Your 
Particle Accelerator  
Is Not Needed
TERAHERTZ (THZ) FREQUENCIES, which are 
higher than the gigahertz frequencies used in 
today’s mobile communications, could be used 
to transmit even more wireless data. Scientists 
have known for a while that graphene can act as a 
frequency multiplier: When the two-dimensional 
carbon is irradiated with light pulses in the low 
THz frequency range, these are converted to higher 
frequencies. The problem with THz pulses is that 
they’re hard to generate without extraordinarily 
strong input signals—like a full-scale particle 
accelerator. This requirement has been an obvious 
hindrance to wide-scale adoption.

A research team from Germany and Spain 
recently came up with a new idea: Frequency con-
version could be enhanced enormously by coating 
the graphene with tiny gold lamellae, which act like 
antennas that significantly amplify the incoming 
THz radiation in graphene. The wider the individ-
ual lamellae and the smaller the areas of graphene 
that are left exposed, the more pronounced the 
phenomenon. Initially, the researchers were able 
to triple the incoming frequencies. Later, they 
attained even larger effects—fivefold, sevenfold, 
and even ninefold increases in the input frequency.

Thanks to the new material, it might be possible 
to achieve the leap from gigahertz to terahertz 
purely with electrical input signals—much less 
input than a full-scale particle accelerator. “Our 
graphene-based metamaterial would be quite com-
patible with current semiconductor technology,” 
explains the study’s primary author Jan-Christoph 
Deinert. “In principle, it could be integrated into 
ordinary chips.”

(Deinert et al., ACS Nano 2020, doi: 10.1021/ 
acsnano.0c08106)

Photo credits: Laszlo Frazer (left); HZDR/Werkstatt X (right)

Goldilocks and the 
Three Quantum Dots
TYPICAL SILICON SOLAR CELLS have only 15 to 20 percent 
maximum efficiency, meaning a lot of photons bounce off or 
pass through without converting into power. While tandem 
solar cells—using two different photovoltaic materials—hint at 
improvements, the conversion efficiency is still underwhelming.

Quantum dots have the potential to bump that efficiency into 
record levels. Quantum dots, which are manmade nanocrystals 
100,000 times thinner than a sheet of paper, can be used as 
light sensitizers by absorbing infrared and visible light and 
transferring it to other molecules. These wee dots could enable 
new types of solar panels to capture more of the light spectrum 
and generate more electrical current.

Scientists know that lead sulfide quantum dots can increase 
efficiency and maintain compatibility with existing and planned 
solar cell technology. However, scientists in Australia have 
developed a process for calculating the “just right” size and den-
sity to achieve that record efficiency. They also discovered that 
the color of quantum dots must be tuned to match the peaks of 
sunlight, like adjusting a musical instrument to a certain pitch.

According to corresponding author Laszlo Frazer, the work 
demonstrates that a complete picture of the conditions influ-
encing solar cell performance, from the star at the center of 
our solar system to nanoscale particles, is necessary to achieve 
peak efficiency.

“This whole thing requires understanding of the Sun, the 
atmosphere, the solar cell, and the quantum dot,” he said.

The paper reveals a lot about the capturing of light, but Laszlo 
acknowledges, “Releasing it again is something that needs a lot 
of improvement.”

(Sherrie et al., Nanoscale 2020, doi: 10.1039/D0NR07061K)
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Sustained, High-Fidelity Quantum Teleportation

Get with the Flow
brane/sphere assembly. They proposed a method to easily 
fabricate microf luidic chips using this optical component, 
and demonstrated enhanced detection of the presence of 
bacteria directly on chip.

Such customized chips with integrated optical and fluidic 
components could be manufactured using injection molding 
for as little as $1 USD each—a lot less than typical microfluidic 
devices, which require fabrication in spendy cleanrooms. When 
combined with low-end imagers, their system could be an ideal 
setup for analysis—from flow cytometry to antibiotic testing—in 
remote sites and limited-resource regions. 

(Viri et al., J. Opt. Microsyst. 2021, doi: 10.1117/1.JOM.1.1.014001)

MICROSCOPY SYSTEMS, like those used to image micro- 
organisms, require special objectives to maximize resolution 
and minimize image deformation. Because of those special 
requirements, they can be expensive. But some applications—
like simply detecting the presence of pathogens in liquid—
don’t require optimization or fancy objectives. 

A research team from EPFL in Switzerland have developed 
an affordable approach that uses transparent spheres in 
combination with low-magnification objectives to increase 
both resolution and sensitivity of the imaging system. They 
embedded the spheres in thin polymeric membranes, then 
computed the enhanced-detection potential of the mem-

A VIABLE QUANTUM INTERNET—a network in which information 
stored in qubits is shared over long distances through entanglement—
would transform the fields of data storage, precision sensing, and 
computing, ushering in a new era of communication. 

In December, scientists at Fermi National Accelerator Laboratory— 
a US Department of Energy national laboratory affiliated with the 
University of Chicago—along with partners at five institutions took a 
significant step in the direction of realizing a quantum internet.

In a recent paper, the team presents for the first time a demon-
stration of a sustained, long-distance teleportation of qubits made 
of photons (particles of light) with fidelity greater than 90 percent.

The qubits were teleported over a fiber-optic network 27 miles (44 
kilometers) long using state-of-the-art single-photon detectors, as 
well as off-the-shelf equipment.

The achievement comes just a few months after the US Department 
of Energy unveiled its blueprint for a national quantum internet at a 
press conference at the University of Chicago.

(R. Valivarthi et al., PRX Quantum 2020, doi: 10.1103/PRX-
Quantum.1.020317)
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JONES WAS AWARDED

MORE THAN 55 US PATENTS, 
but the one that is on display in the

  National Inventors Hall of Fame is

   PATENT NO. 4676586

MARSHALL 
JONES
a Leading Light
By Todd Alhart 

MARSHALL JONES knows a thing or two about beating the 
odds, but it’s not just because of his knack for mathematics. 
A model of perseverance, the laser pioneer was raised by 
his extended family on a duck farm but ended up laying the 
foundation for industrial laser welding and cutting, as well 
as additive manufacturing from metal.

In 2017, his contributions to laser technology earned him a 
place in the National Inventors Hall of Fame, an institution 
that counts Thomas Edison, Nikola Tesla, and the Wright 
brothers among its members. “Marshall Jones isn’t just a laser 
pioneer, he’s a trailblazer whose laser research is helping to 
transform manufacturing and build a new additive business 
for GE,” said Vic Abate, GE’s chief technology officer.

At a recent symposium of GE’s African American Forum, 
Jones was recognized for his work at GE and in the African 
American community with the ICON award, which acknowl-
edges individuals for their outstanding accomplishments in 
leadership, commitment, and excellence in and outside the 
United States.

Jones joined GE Research after graduating with his 
doctorate in mechanical engineering from the University 
of Massachusetts at Amherst. He became a leader in the 
company’s laser research program and received more than 
50 patents over 42 years. He’s also a member of the National 
Academy of Engineering. “If I trace my steps up to this point, 
it has been a love of learning, having a focused set of goals, 
and sheer determination that has gotten me to this point and 
time,” said Jones. In other words: He never gave up.

That seems to be the leitmotif of his life. Jones was born 
during World War II in Southampton on New York’s Long 
Island, when the area was best known for agriculture, rather 
than summer mansions of the rich and famous. Because his 
father was serving in the Navy and his mother worked as a 
seamstress in New York City, he lived under his aunt and 
uncle’s care on their farm.

It wasn’t an easy childhood. He developed a speech imped-
iment and, according to family lore, only his brother and the 
family’s dog could understand his speech.

His early schooling also involved a series of setbacks. He 
excelled at science and raced through algebraic equations in 
the fourth grade. But his teacher at the time didn’t believe his 
English was good enough and held him back. “I can honestly 
say that repeating the fourth grade is what helped me become 
an engineer,” he said during a talk at Duke University in 2005. 
“I just wasn’t learning reading and spelling at the same pace 
I was learning math, and I needed to take that extra year to 
get caught up.”

Catch up he did, but his troubles weren’t over. Since his 
family didn’t have much money, Jones, who loved sports, 
planned to write his ticket to college as an athlete. But he 
injured his knee in his junior year of high school. With that 
avenue blocked, he attended a community college and later 
bootstrapped his education at the University of Michigan, 

Jones, a mechanical engineer 
at General Electric, pioneered 
the use of lasers for industrial 
materials manufacturing. He 
developed novel methods to weld 
dissimilar metals, like copper and 
aluminum, and molybdenum and 
tungsten. He also developed fiber-
optic laser beam delivery systems 
that resulted in lasers powerful 
enough to cut steel, titanium, 
and nickel-based alloys. His team 
later developed a laser-welding 
system using fiber-optic cables 
to simultaneously split a laser 
beam and heat opposite sides 
of a workpiece. His inventions 
have significantly contributed to 
products and hardware used by 
transit manufacturers, including 
Ford and Lockheed Martin.
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where he was the only African American student in the engineering 
school. He went on to earn a doctorate from the University of Massachu-
setts at Amherst. Years later, he self-published the aptly titled children’s 
book Never Give Up.

Dale Lombardo, manager of GE’s Manufacturing Processes Laboratory 
who worked with Jones, says that “at a time when the original Star Wars 
trilogy and Superman movies dominated people’s imagination with 
lightsabers and superheroes who could bend steel, Marshall was showing 
how lasers could perform amazing feats in the real world.” He said the 
laser applications Jones developed “have changed the way manufacturing 
is done, demonstrating new ways to work with the most difficult advanced 
materials at a speed, cost, and quality that can’t be beat.”

When Jones arrived at the GE labs in 1974, he joined a cadre of scien-
tists who in the 1960s and 1970s pioneered research into semiconductors 
and lasers, including Nick Holonyak, the inventor of the visible LED, 
and the late Robert N. Hall, who created the first diode laser. Building 
on their work, Jones came up with laser beams powerful enough to cut 
steel, among other innovations.

Throughout his career, Jones was awarded more than 55 US patents, 
but the one that is on display in the National Inventors Hall of Fame 
is Patent No. 4676586, which describes a laser beam delivery system 
through a fiber optic, resulting in minimal optical losses and improved 
freedom of laser beam manipulation—an important feature for metal 
processing in hard-to-reach places. 

US Patent No. 4676586:

Laser energy is coupled into a single 
fiber optic which is used as a lightguide 
to deliver sufficient pulse energy to a 
workpiece for material processing. A 
laser beam generated by a solid-state 
neodymium-YAG laser or other laser 
which is operated in pulsed mode and 
has a wavelength in the near infrared 
and visible spectrum, is focused 
onto one end of the fiber optic core, 
preferably made of quartz. Energy 
with a peak power in the kilowatt 
range is passed through the fiber to 
the output end. The emerging laser 
beam is focused onto the workpiece 
at a power density high enough 
for manufacturing processes such 
as drilling, cutting, welding, heat 
treating, and laser surfacing.

Photo credit: GE Global Research

Marshall Jones became a 
leader in GE’s laser research 
program and received more 
than 55 patents over 42 years. 
In 2017, Jones was inducted 
into the National Inventors 
Hall of Fame. 



Although this method of transferring laser energy 
along a fiber optic had previously been used for laser 
communications and laser surgery, the low power 
levels for those applications (~100 watts) fell far short 
of the 1000 watts that were desirable for metal pro-
cessing. Jones’s work transformed many industrial 
products, including automotives, nuclear reactors, 
and ceramic metal halide lamps—all of which are 
fabricated using the laser material processing tech-
niques he pioneered.

Jones—who still works for GE—remains committed 
to promoting STEM education for young people, par-
ticularly in underserved communities. He has spent a 
lot of time with fourth graders at his old elementary 
school in Riverhead, New York. While at GE, he also 
recruits students from historically Black colleges and 
helps them follow his own incredible journey.

He told his 2005 audience at Duke: “I am certain 
that my elementary teachers would not have pre-
dicted that ‘little Marshall’ would be where I am 
today.”

This story is reprinted with permission from GE Global 
Research.



Hands Off the Wheel
Although DARPA’s 2004 Grand Challenge is widely 
credited as the first serious foray into autonomous 
vehicles, the town of Lincoln, Nebraska, remembers 
the efforts of Leland Hancock to create a driverless 
system as early as 1957.
By Nancy Hicks

OVER SIXTY YEARS AGO, A 1957 CHEVY moved slowly down US 77 near the 
Nebraska 2 intersection guided by wire coils buried in the highway.

It was the first real highway demonstration of a system its inventor and 
promoters believed would allow cars to be guided by signals from electronic 
wiring buried in the highway, rather than by human drivers. Promoters hoped 
the experiment would usher in an era of “electronic chauffeurs,” which would 
eliminate accidents caused by driver drowsiness or carelessness.

The experiment took place because of the persistence of one man, a state 
traffic engineer, Leland Hancock.

This was decades before Google and Tesla began experimenting with 
driverless cars, and long before Lincoln, Nebraska, started pursuing its own 
driverless downtown shuttle service. It was the same year the Nebraska 
Department of Roads and Irrigation dropped “irrigation” from its name.

For four years Hancock wrote letters. He convinced researchers with the 
Radio Corporation of America to cooperate. He got money and permission 
to lay coils at the intersection of US 77 and Nebraska 2 as it was built. He 
located a car.

Hancock had the backing of his boss, State Engineer L. N. Ress. But  
Hancock, who became the unofficial electronic traffic control engineer for the 
state, did most of the work, as evidenced by several boxes of letters he donated 
to the Nebraska History Museum.

Hancock was inspired by a story in an August 1953 edition of Collier’s, 
a national magazine, about research by Dr. Vladimir K. Zworykin, who is 
credited with perfecting the first television camera tube.

“I was greatly interested to read your recent article in Collier’s concerning 
electronic automobile control. In connection with my work here, I have often 
theorized on the subject of automatic drive as it would pertain to traffic oper-

LUMINARIES

LELAND HANCOCK,
WAS DESCRIB E D AS TH E “ SPARK PLUG” 

FOR TH E DRIVE RLESS TEST PROJ EC T. 

  HIS DONATED PAPERS—
TE LL TH E STORY OF THIS E ARLY

AT TE M P T TO CRE ATE

A DRIVERLESS CAR SYSTEM.

ations,” Hancock wrote in his first letter to 
Zworykin. “If we had something tangible to 
work with, this department might be pro-
gressive enough to at least lay a few miles 
of actual roadway experimentally.”

In September 1954 an initial test installa-
tion was made in Cass County, on US 73-75, 
where coils in the highway were hooked up 
to a traffic counter and proved “more accu-
rate than the present counters,” according 
to a Lincoln Journal Star news story.

Two years later, coils were placed in the 
pavement as the state constructed the inter-
section of US 77 and Nebraska 2, which was 
then on the outskirts of Lincoln.

Eighty-three people, including highway 
officials from across the nation and from 
the Bureau of Public Roads, plus reporters 
and other onlookers, watched the test on 
10 October 1957.

RCA engineers had installed a pair of 
small coils on the bumper and a small meter 
in the cab of a car. A member of the RCA 
team drove the car with his windshield 
blacked out, holding a straight course by 
means of signals transmitted to his meter 
from a guide wire laid under the pavement. 
When he got too close to the car ahead, a 
bell sounded and a light flashed on. When 
he dropped back the signals stopped. He 
held his course by observing the swinging 
needle of the meter.
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The system was described as resembling the block signals and control 
systems used on railroads. It demonstrated how vehicles might ultimately 
be controlled by radio signals from an electronic wiring system buried in 
the highway. A system of flashing lights by the side of the road, which were 
set off when cars passed over the coils in the road, would also be able to 
warn drivers of approaching cars, providing safety in fog or poor visibility.

According to newspaper stories, the system cost the state very little, about 
$500, mostly for the electrical wire and installation.

Hancock and the researchers hoped the test would create interest else-
where and other states would cooperate in setting up a more comprehensive 
and widespread autonomous vehicle program. That did not happen. And 
letters between researchers and Hancock indicate their frustration.

In a letter dated 2 June 1958, RCA researcher L. E. Flory wrote, “... definite 
action is being prevented by the rapidly expanding tangle of administrative 
troubles on the national scale that seem to be occurring.”

Hancock, described as the “spark plug” for this test project, worked for the 
state’s Department of Roads from January 1946 to December 1981. He died 
in 2006, but his donated papers—including carbon copies of every typed 
letter—tell the story of this early attempt to create a driverless car system.

Originally published in 2017 and reprinted with permission of Lincoln 
Journal Star.



This 1957 Chevy 
was driven with its 
windshield blacked 
out. It held a straight 
course following signals 
transmitted from a 
guide wire laid under 
the pavement, which 
were interpreted by 
a radio meter (right) 
inside the car.

Watch the latest 
presentations from 
SPIE Digital Forums.
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DRONES AND
OPTICAL SENSORS
No Longer a Remote Possibility

Drones mounted 

with cameras, 

lidar, infrared, and 

hyperspectral imaging 

systems are rapidly 

becoming a go-to 

inspection technology 

for transportation 

infrastructure.

By Alan S. Brown

PHOTONICS FOCUS MARCH/APRIL 202122



PHOTONICS FOCUS MARCH/APRIL 2021 23Photo credit: Velodyne

TO INSPECT A BRIDGE, technicians must close one lane 
at a time so they can scrutinize the deck, structure, and 
pavement for potholes, cracks, delamination, corrosion, 
and other problems. 

That is the easy part. On smaller bridges, they must 
use ropes and ladders to get underneath the deck. On 
larger structures, they call in a snooper—a truck with 
a long, multijointed arm with a person-sized bucket at 
the end. The arm drops the bucket over the side, moving 
under the deck and up, down, and across the deck and 
supports, often suspending the inspector 100 feet or 
more in the air. 

“I’ve done it a few times,” says Marc Maguire, an 
assistant professor of structural engineering at Univer-
sity of Nebraska. “I’m not afraid of heights, but it’s not 
fun. You’re in harm’s way. By the time you put on your 
harness and get into the truck, you could have sent a 
drone up there.”

That is exactly what many inspectors have begun to 
do. Coupled with remote optical sensors, drones have 

become an attractive option for examining bridge, 
roadway, and railroad infrastructure. 

Interest in drones is growing rapidly. When the 
American Association of State Highway and Transpor-
tation Officials (AASHTO) surveyed state departments 
of transportation in 2016, none used drones regularly. 
Two years later, 20 states were flying daily missions and 
15 were testing drones for applications ranging from 
inspection and surveying to natural disaster response.

Today, drones with optical cameras or lidar are often 
used to check infrastructure for damage, placement of 
traffic signs, and overhanging vegetation, and to assess 
structures after floods and rockslides. Other inspectors 
use drone-mounted thermal imaging to find delamina-
tions in bridge decks. Others, still, are testing multi-
spectral imaging to examine the condition of railroad 
tracks, beds, and railroad ties. And a new generation of 
optical camera arrays provides millimeter-scale details 
for true digital models that engineers can use to specify 
customized spare parts. 
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Though small drones found their first customers 
among hobbyists and photographers, improve-
ments to stability, flight time, and battery life have 
extended their utility. And now, they’re part of our 
infrastructure, too. 

OVER THE PAST FIVE YEARS, drones have grown 
more affordable, easier to fly, and more capable. 
Armed with artificial intelligence and inertial mea-
surement units, they can now remain stable in wind 
gusts and can fly precise and repeatable routes, even 
if they lose contact with a GPS signal. 

Sensors have also improved, says Matt Dunlevy, 
CEO of SkySkopes, a company that uses drones to 
inspect infrastructure, oil and gas lines, and electric 
utilities. “Earlier sensors were more of an adaptation 
of current technologies,” he explains. “Now camera 
sensors are mostly developed from scratch with the 
express intent of being utilized on drones. This has 
allowed for far better accuracy and quality levels of 
the deliverables for our clients.”

Software has kept pace with advances in hard-
ware. Algorithms routinely use GPS information 
to stitch photos together automatically to create 
models, quantifying such problems as the area of 
potholes on a road or the severity of cracks on rail-
road ties. By comparing the digital record of one 
inspection with another, software can spotlight how 
fast those problems are evolving so maintenance can 
address them before they become critical.

Regardless of their many assets, drones also have 
their downsides. They cannot fly in rain, snow, or 
winds above 15–20 mph. In lesser winds, they burn 
more battery power and have a harder time holding 
position for measurements. Nor can they reliably 
find finer features, like hairline-thin fatigue cracks 
that can grow and cause structural failures. 

And, drones are not always faster than people. In 
an Idaho test, for example, Maguire found a snooper 
crew could inspect a bridge faster than a drone 
team because the drone ran out of battery every 15 
to 20 minutes. While newer drones can stay aloft 
longer, they are still limited to about 30 minutes 
of flight time.  

Drone-mounted sensors also have limits. Most 
imaging systems require sunlight, often in short sup-
ply under a bridge and on cloudy days. Many drone 
cameras are optimized for color sensitivity, rather 
than consistent, high-resolution imaging under 
any light conditions. Infrared thermal sensors, for 
example, work best in the morning or evening, when 
temperatures are rising or falling.

Another important consideration for users is cost. 
While optical and thermal cameras are easily afford-
able, lidar and multispectral imagers are expensive. 

Yet drone inspections are already proving their 
economic worth. They can slash the cost of a typical 

highway bridge deck inspection from $4,600 and a full day to $1,200 
and one hour, according to a 2019 AASHTO estimate. A 2018 Oregon 
State University study figured drones could trim $10,400 off the $73,800 
cost of a full bridge inspection. Given these cost savings in labor, the 
hardware can quickly pay for itself. 

In other good news, lower costs and faster inspections could  
allow more frequent testing. That would “allow Departments of  
Transportation to find and fix problems faster, says Jeff Fagerman, CEO 
of LiDARUSA, an Alabama-based lidar drone developer. “You want to 
catch a road when it starts to deteriorate and fix it within a year or two,” 
he says. “If you wait until year 10, the cost is astronomically higher.” 

These economics are not just true for transportation. They also hold 
for power grids, petrochemical plants, refineries, pipelines, telecommu-
nications, construction, and agriculture. These end uses have created a 
ready market for remote sensor innovation. 

While newer imaging technology is gaining traction, optical cameras 
still dominate transportation inspection. One common approach is 
to take high-quality images with a powerful digital single-lens reflex 
(DSLR) camera, stitch them together into a model, and inspect it on a 
monitor, says Barritt Lovelace, who wrote a series of reports on bridge 
inspections for the Minnesota Department of Transportation. 

Those models have a lot of value, says Lovelace, director of unmanned 
aircraft systems, AI, and reality modeling for Collins Engineers. 

“Now that we’re starting to inspect bridges a second time and com-
paring new and old models, we’re finding things,” he says. “We can see 
if cracks are propagating, if there is more deck delamination and cor-
rosion. If we set up survey points and adjust our model to those points, 
we can get to one-centimeter accuracy pretty easily. That lets us see 
things—perhaps buckling or other failure modes—that we wouldn’t 
notice otherwise.”

Visual Intelligence, a Houston-based optical systems developer, takes 
accuracy further, to the submillimeter level with a dual-camera opti-
cal system. It provides very precise models showing cracks, structural 
defects, rust, bending, and bulging. “You can count the threads on bolts 
to see if they are starting to loosen,” says CEO Jay Tilley. 

The company’s software generates true engineering models with 
dimensional accuracy within a millimeter. It automatically isolates and 

Visual Intelligence’s dual-camera 
system achieves submillimeter 
resolution, which it uses to model 
infrastructure with enough detail to 
source replacement parts.
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identifies the model’s structural elements, which can be used to order 
replacement parts in building information system databases. 

The software also lets engineers accurately specify and prefabricate 
parts that have been modified during installation, or are simply too 
old to be found in catalogs. This can be done in a fraction of the time 
needed to measure those parts manually. 

Instead of using a high-pixel-count camera, Visual Intelligence 
achieves high resolution by mounting two 60-megapixel cameras at 
an acute angle to one another and taking advantage of their parallax 
view to produce three-dimensional images. Their redundance, plus 
synchronization of the cameras within a few milliseconds of one 
another, provides the photogrammetric software with the data needed 
to achieve high accuracy. 

The company originally developed a larger, heavier camera array 
system intended for use on aircraft. It took four years to miniaturize 
using full-sized, off-the-shelf DSLR cameras that could fly on a drone. 
Although lenses proved the heaviest part of the new system, they proved 
paramount for millimeter-scale imaging. 

IN ADDITION TO THE TRADITIONAL CAMERAS FOUND ON DRONES, 
lidar has become a popular inspection tool in recent years, thanks to its 
accuracy and versatility. Lidar produces detailed point-cloud images 
even under poor lighting, and shows both roadside vegetation and the 
contour of the ground underneath those plants. Not only does lidar 
show the shapes of highway signs, but because it measures the intensity 
of reflections off their surfaces, it can also “read” what is written on them 
as well as the lane stripes on a highway. Engineers often mount lidar 
with other sensors and fuse their data to create more precise models.

According to Fagerman, lidar was used for road inspection even 
before drones. Ten years ago, large, expensive, van-mounted lidar 

systems patrolled highways looking for failing 
pavement and overhanging branches. Then, in 2014, 
Faro and Velodyne introduced lightweight, relatively 
inexpensive lidar systems. 

Fagerman was one of the first to adapt Velodyne’s 
lidar to drones. He miniaturized the electronics, 
working through such problems as electronic 
crosstalk, electromagnetic interference, and shaky 
gimbals. He created an integrated system that used 
inertial measurement units to track drone location 
when GPS signals failed. 

Fagerman explains that drones could see where 
van-mounted lidar could not. “If you scan a street 
from a van, you cannot look over slopes or fences to 
see ditches or private roads or other things in peo-
ple’s backyards,” he says. “But if you send a drone up 
400 feet, you are going to see the topography, the 
buildings, and any other details.” 

Along with lidar, infrared cameras have also 
carved a niche for themselves. They are chiefly used 
to search for dangerous heat spikes in electrical 
transmission systems, chemical plants and refin-
eries, and telecommunications systems. In trans-
portation, they can find delamination in concrete 
pavement on bridges, Lovelace says. Delamination 
occurs when cracks let moisture work its way into 
a concrete deck. Heating and cooling cycles cause 

NOT ONLY DOES LIDAR SHOW

THE SHAPES OF HIGHWAY SIGNS, 
but  because i t  measures  the

INTENSITY OF REFLECTION
OFF THEIR SURFACES ,

  it  can a l so “ read ” 

WHAT IS  WRIT TEN ON THEM .

LiDARUSA’s drones house lidar units 
that create dense cloud images. 
Shown here is a railroad track running 
through an urban environment.
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the top inch or two of concrete to separate, forming holes and voids 
that let water and salt seep through and corrode the iron rebar rein-
forcement underneath.

Thermal cameras have the unique ability to “see” those separated 
areas when the sun comes out or sets. Because they are thinner, the 
delaminated segments warm up and cool off faster than the rest of 
the deck. 

“If you know what you’re doing and have a good sensor, drone-
mounted thermography is pretty reliable,” Lovelace says. “It also has 
a big time and cost advantage over manual methods, which involve 
shutting down a lane and listening for a change in sound while dragging 
a chain or hammering on the pavement.” 

OTHER INSPECTION TECHNOLOGIES, such as hyperspectral imaging, 
are also beginning to draw attention. Hyperspectral imaging breaks 
down each pixel it captures into spectral bands. The variations in the 
intensity of these bands act as fingerprints that identify specific mate-
rials and their condition. 

Headwall Photonics is a leader in drone-sized multispectral imagers. 
Its palm-sized Nano-Hyperspec sensor collects 270 spectral bands by 
640 spatial pixels within the visible to near infrared (400 nm to 1,000 
nm) range. It divides its targets into a grid, then collects light through 
a slit, one column at a time. This “push-broom” method makes it easier 
to optimize the optical input with the speed of the drone. The system 
uses two mirrors and a grating, which breaks the light into its spectral 
components, to focus light onto its focal plane. Software then stitches 
the image together. 

Headwall often fuses hyperspectral and lidar data for more accurate 
mapping. Recently, they began testing this type of system on a 400-
meter section of railroad track operated by Deutsche Bahn. Before it 
could inspect anything, it had to identify the spectral fingerprints of 
different materials found in steel rails, concrete ties, gravel, dirt, brush, 
and trees along the track. 

These fingerprints make it possible to identify the location and con-
dition of these objects. Hyperspectral imaging can show corrosion in 
metals, and the mineral buildup caused when water seeps into cracks 

in concrete rail ties, says Ross Nakatsuji, Headwall’s 
senior product manager for remote sensing. It can 
also assess plant growth, so managers can calculate 
when to trim trees and brush on the side of the tracks 
instead of paying crews to check periodically.

The ability to identify specific materials and their 
condition does not come cheap. The starting price 
for Headwall sensors is $20,000, and $70,000 for 
turnkey drone systems. “Our goal isn’t to replace 
something that is working fine with really expensive 
technology,” Nakatsuji says. “We want to provide 
data other technologies cannot offer.”

As uses multiply, innovation will slash costs, add 
features, enhance portability, and develop products 
designed for specific types of inspection, says Mark 
Treiber, compact lidar product manager for Teledyne 
Optech. Although speaking specifically about lidar, 
his comment holds true for the many optical tech-
nologies available for transportation infrastructure 
inspection: In time, everything will become smarter 
and easier to use. 

“We’re moving away from early adopters who want 
to tinker with everything, and towards people for 
whom lidar is a tool,” he says. “They want to see a 
contour plot, not a 3D point cloud. They don’t want 
a lidar, but a tool that solves their problems.”

But no matter how they evolve, optics is likely to 
remain at the heart of remote sensing for transpor-
tation infrastructure.

ALAN S. BROWN is a writer who covers 
the intersection of science, engineering, and 
technology. His work includes topics ranging from 
quantum computing and synthetic biology, to 
advanced manufacturing and robotics.

Headwall 
unmanned 
airborne 
hyperspectral 
imaging and 
lidar reveals 
areas of possible 
vegetation 
health issues and 
encroachment 
onto railroad 
tracks.
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CARS
DRIVE

Smart cars, navigating the 
networks of smart cities, will 
depend on rapid transfer of 
massive amounts of data with 
the vehicle’s environment. One 
wavelength at the cusp of optics 
and radio holds promise.

By Neil Savage

4G communications towers dominate the 
skyline. If the THz frequency becomes the 
winning path to 6G, towers will be smaller. 
Much, much smaller.
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SELF-DRIVING CARS ARE ZOOMING TOWARDS REALITY, 
and one day in the not-so-distant future people may glide 
down city streets as passengers, occupied with activities 
other than keeping their eyes on the road. The kids could 
be playing video games, while mom participates in a work 
meeting using the 2030s equivalent of Zoom. 

Meanwhile, the car will be assessing its environment 
with visible light and infrared cameras, measuring the 
distance to other vehicles with lidar, and communicating 
its intended movements to neighboring cars. Traffic signals 
will measure oncoming vehicles and speed them up or slow 
them down to assure everyone gets through the intersection 
safely with minimal waiting, while nodes on buildings or 
streetlights collect data about driving patterns and send 
it to a centralized controller, which in turn sends back 
information to reroute traffic to reduce congestion or avoid 
construction sites.

That’s an awful lot of data being sent and received, whether 
from sensors to processors or vehicle to traffic central, and 
it all has to pass swiftly and accurately to avoid traffic jams 
and crashes. To achieve that level of communication, new 
technology is being developed, and it may well rely on the 
nascent field of terahertz photonics.

In a swiftly changing environment, such as an intersection 
full of self-driving cars, “you need to go to these very fast 
communications systems,” says Idelfonso Tafur Monroy, 
a professor in the Terahertz Photonic Systems Group at 
Eindhoven University of Technology in the Netherlands.  
“We are looking into how you can do this with sub-terahertz 
or terahertz wavelengths.”

He cites an estimate from a company that builds high- 
frequency antennas that the average self-driving car could 
generate roughly two petabits of data every week, about 
enough to completely fill the hard drives of 250 laptops. 
A 4G wireless system would take 200 days to transmit all 
that data, he says, by which time much more would have 
been generated. 

Higher frequencies, though, mean they can accommo-
date higher data rates. Terahertz frequencies could easily 
transmit a terabit of data—one trillion bits—every second, 
and perhaps much more. That’s 50 times the data rate of a 
5G connection, which makes the waveband attractive for 
autonomous vehicles or so-called smart highways, where 
data is coming fast and furious from multiple moving 
sources. A similar range of frequencies might also be used in 
sensing, an important component of autonomous driving, 
meaning the potential exists for combining two systems 
into one, simplifying the whole project. 

Terahertz waves occupy the part of the electromagnetic 
spectrum between far infrared light and microwaves, on 
the cusp between optics and radio, where people stop 
defining radiation in terms of wavelengths, and instead 
talk of frequencies. The International Telecommunication 
Union defines the terahertz band as running from 0.3 to 
3 THz, although it is sometimes considered as anything 
from 0.1 to 30 THz.  

It’s also the region where the waves might be generated 
either electronically or photonically, and there’s not wide-
spread agreement on which will work best. “The terahertz 
band is in between the comfort zone of people in electronics 
and the comfort zone of people in optics,” says Josep Jornet, 
a professor of electrical and computer engineering who 
directs the Ultrabroadband Nanonetworking Laboratory 
at Northeastern University in Boston.

“People in electronics are trying to get to the terahertz 
band by pushing frequencies up,” Jornet says. “But then you 
have the people in optics who say, well, terahertz waves are 
nothing but weak photons.” 

THE AVERAGE SELF-DRIVING CAR COULD GENERATE ROUGHLY

TWO PETABITS OF DATA EVERY WEEK,
ROUG HLY E NOUG H TO COMPLETE LY F ILL

THE HARD DRIVES OF 250 L AP TOPS .

A 4G WIRELESS SYSTEM
WOULD TAKE 200 DAYS TO TRANSMIT ALL THAT DATA.
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WHILE ELECTRONICS RESEARCHERS can create circuits 
to double, triple, or quadruple the frequency of their sig-
nal, photonics engineers can use similar tricks to go in the 
opposite direction. They can take two telecommunications 
lasers with slightly different wavelengths and superimpose 
their beams on a photodetector, producing a “beat note” 
that is the difference between the two. Or they can train a 
laser on a photoconductor connected to a metallic antenna 
to produce a terahertz signal. 

At the Center for Converged TeraHertz Communications 
and Sensing (ComSenTer), a consortium of research univer-
sities working on next-generation wireless communications 
and led by the University of California, Santa Barbara 
(UCSB), research focuses on systems operating between 
100 and 300 GHz. Mark Rodwell, a professor of electrical 
and computer engineering at UCSB who directs ComSenTer, 
says it’s more accurate to call that the upper portion of 
the millimeter wave frequency band than the lower end 
of the terahertz band. And he says the center doesn’t get 
into photonics, “as transistors and integrated circuits work 
extremely well in this frequency band.” He and others have 

used transistors to reach even higher frequencies, and 
Northrop Grumman, the aerospace and defense contrac-
tor, demonstrated a transistor-based circuit that could 
reach 1 THz back in 2014. “The use of photonics for these 
applications, in my technical judgment, is of very limited 
utility,” Rodwell says.

Jornet says the 100 to 300 GHz range is of interest 
because the technologies that use them are probably closer 
to being commercialized. Frequencies closer to 1 THz could 
also prove valuable, he says, and photonics can play an 
important role in developing them for communications. 
“The fastest communication systems that we have access 
to are usually based on optical fiber,” he says. 

Communications systems have to modulate the signals 
they send out in order to imprint data on them, and that’s 
something photonics experts are used to. Researchers 
increasing the frequencies of transistors will have to 
develop new ways to modulate those signals very quickly. 
“If you already have technology that can manipulate 
and handle very high-speed signals, for example, optical  
communication systems, and then you can reconvert 
those to terahertz frequencies, well, you’re halfway there,” 
Jornet says.

Some researchers argue there’s no point in trying to 
use frequencies above 300 GHz, because there’s too much 
atmospheric absorption. But Jornet says that, while there 
certainly are areas between 300 GHz and 1 THz where 
much of the signal would be absorbed, there are wide bands 
where there is very little atmospheric loss. “Yes, there is 
absorption, but not at every frequency. So you need to be 
smart when picking the frequency,” he says. 

Both electronic and optical approaches offer their own 
advantages, says Guillaume Ducournau, a professor in the 
terahertz photonics research group at the University of 
Lille in France. “The highest data rate has been achieved 
with photonic-driven solutions, and the highest trans-
mission distance has been achieved with electronics, but 
generally with a lower data rate,” he says. 

Photonics, while allowing for fast modulation of the sig-
nals, has trouble reaching high powers at these frequencies. 
The most advanced sources have output of approximately 
1 milliwatt at 300 GHz, which limits the effective distance 
of the transmission. Depending on how the system is 
designed, that may provide an ability to send data dis-
tances of only a few meters or tens of meters, enough for 
car-to-car communications. 

Network scenarios using the 
combination of different technologies 
based on 5G, light fidelity (LiFi), 
and terahertz (THz) systems for 
autonomous driving vehicles.
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For more distant communication between vehicles and 
streetlights or buildings, known as car-to-infrastructure 
communications, photonics may still offer some advan-
tages, Ducournau says, because stationary nodes tend to be 
connected to the rest of the communications system with 
optical fiber. Staying in the optical domain may simplify 
such connections. And with a data rate of 1 Tb/s, a vehicle 
wouldn’t need to be in range of the infrastructure for very 
long; large volumes of data could be exchanged in short 
bursts when the car passes by a node on a lamppost. 

In fact, the high data rate helps compensate not only for 
limited range but also for other potential shortcomings of 
terahertz frequencies. Because of the low power involved, it’s 
not feasible to broadcast signals widely. Instead, it makes 
more sense to send narrow, targeted beams between trans-
mitter and receiver. That requires using optical antennas 
to control the direction of the signals.

Directional antennas might seem to be a limitation, 
because a user could only point at one other user at a given 
time. But at 1 Tb/s, Jornet says, that’s no problem. “If you 
communicate very fast, you don’t need to be connected all 
the time,” he says. “As long as you are connecting every now 
and then, when you’re connected you just dump all your data 
or request all the data.” 

Tafur Monroy points out that directional signals also add 
an extra layer of security. If you’re not broadcasting widely, 
there’s less chance of on unwanted person intercepting 
your data.  

IN AN EFFORT TO IMPROVE BOTH THE POWER OUTPUT of 
terahertz generators and the sensitivity of detectors, Mona 
Jarrahi of the University of California, Los Angeles, turns 
to plasmonics. Plasmons are oscillations of electromagnetic 
energy. At visible wavelengths, they can arise at the point 
where metal meets air, but at terahertz frequencies they 
occur in semiconductors such as gallium arsenide. Jarrahi, 
a professor of electrical and computer engineering who runs 
the Terahertz Electronics Laboratory, uses a pair of near 
infrared lasers to create a beat signal at terahertz frequen-
cies that she shines onto a semiconductor photodetector. 
“That is very easy to generate,” she says. “I just need to make 
a very fast photodetector to detect these beats, generate a 
signal, and route it to an antenna to radiate those 1 THz 
beats.” 

She does this by building nanometer-sized structures on 
the detector, which concentrate the incoming light to the 
area immediately around them. These plasmonic nano-
structures are connected to antennas, so when the light is 
absorbed by the semiconductor and creates charge carriers, 
those charge carriers have only a short trip to the antennas. 
“As soon as they’re generated, they are routed to the output,” 
she says. The setup increases both the output power and the 
sensitivity of detectors about a thousand-fold. 

The use of terahertz frequencies is not limited to com-
munications. Self-driving cars need to know where they are 
in relation to other vehicles, and terahertz broadcasts from 
other vehicles could be used to rapidly triangulate their 
location, much the way smartphones use signals from GPS 
satellites to find their location.

To take advantage of the frequencies’ versatility, research-
ers in Finland have proposed dual-use systems that share 
some of the same equipment, such as steerable antenna 
arrays. “We could use those not only for high-powered, very 
rapid communication. We can also use them for position-
ing,” says Markku Juntti, a professor of communications 
engineering at the University of Oulu in Finland. “It is 
very useful with smart traffic and the different autonomous 
systems.”

Terahertz signals can also be used as a form of radar, as a 
substitute for or complement to cameras and lidar for imag-
ing other vehicles, people, or obstacles. Their frequencies 
allow higher resolution than optical wavelengths, and they 
can see through fog better than lower-wavelength lasers.

Jornet’s group is building tiny, horn-shaped antennas 
with high sensitivity. Just a centimeter in size, the antenna 
provides gain of 30 decibels at 1 THz, increasing the signal a 
thousand-fold. By comparison, he says, an antenna providing 
similar gain at the WiFi frequency of 2.4 GHz would have 
to be half the size of a desk. 

NASA, which uses terahertz radiation at higher frequen-
cies to perform imaging in astronomical research, has built 
detector arrays for boosting signals. Such an approach 
might also work in automotive designs, he says. And another 
standard concept from optics, lenses that focus beams at 
those wavelengths, could also prove useful in controlling 
the direction of terahertz signals.

IF  YOU COMM U NICATE VE RY FAST, 

YOU DON’T NEED TO BE CONNECTED ALL THE TIME. 

AS LONG AS YOU ARE CONNECTING
EVERY NOW AND THEN,  WHEN YOU’RE CONNECTED 

YOU J UST DU MP ALL YOU R DATA

 OR REQU EST ALL THE DATA .

–Josep Jornet”

“
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Employing the same hardware for multiple uses would lower costs of 
self-driving cars, says Yevgeni Koucheryavy, a professor of electronics 
and communications engineering at Tampere University of Technology 
in Finland, who collaborates with Juntti. “It’s clear that in vehicular 
applications we can benefit from simultaneous usage of terahertz waves 
to transmit information, but also to sense the environment.” Juntti and 
Koucheryavy were joined in their work by researchers from Ericsson 
Research, part of the Swedish telecommunications company.

The specifics of any of this technology will depend on the parameters—
data rate, transmission distance, cost—that the designers of self-driving 
vehicles and smart highways require and what tradeoffs they’re willing to 
accept. And there are a few years of development—more than five, fewer 
than ten, these researchers say—still to be done. “Do not think that you 
can just go and buy any of these things we’re discussing today,” Jornet 
says, although there are a few companies that make some terahertz 
components, mainly for military or research use. 

There are other aspects of autonomous vehicles that need further 
development as well. Terahertz communications may be used in chip-
level interconnects, to shunt data around the systems controlling the 
vehicle, but computer chips will still need processors and algorithms 
capable of handing the volume of data pouring in at ultrafast speeds. 
Photonics may play a role there as well, with optical devices to perform 
analog computations, taking some of the burden off digital systems and 
skipping the step of converting analog optical signals to digital.

At this intersection of radio and light waves, it remains an open ques-
tion whether electronics or photonics will dominate. Jornet thinks the 
earliest systems will likely rely on photonics. “At optical frequencies, you 
are more used to handling very high bandwidth,” he says. “It’s easier to 
force down in frequency something that works than to move up in fre-
quency.” The specific systems developed will depend on which tradeoffs 
designers are willing to accept, but high-speed communication is coming 
soon, he says. “Will we be able to see one terabit per second within the 
next five years?” he asks. “For sure we will.”

SEM photograph of a terahertz detector 
based on a logarithmic spiral antenna 
with plasmonic electrodes.

Photo credit: Mona Jarrahi

NEIL SAVAGE writes about 
science and technology in Lowell, 
Massachusetts.
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The technology to immerse 
drivers in augmented reality 
is—finally—almost here.  
Is that a good or bad thing?

A driving simulator at Virginia 
Tech’s COGENT Lab.

WITH 
HEADS- 
UP?
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By Bob Whitby

IF YOU MISSED THE 2019 ANIMATED MOVIE Spies in 
Disguise, here’s a quick synopsis: Lance Sterling, self- 
described “world’s greatest spy,” sports a flawless tuxedo 
while saving the world and shape-shifting between a 
human and a pigeon. There are twists and turns along 
the way, but the plot details aren’t important here. More 
germane to science is Lance’s sinuous Audi RSQ E-Tron 
sports car. It’s an electric-powered marvel with a 300-
mile range, self-driving at the touch of a button, and 
fast enough to outrun a missile. All well and good, and 
not too deep into the realm of the fantastic, save for the 
missile-evading ability.

During the obligatory chase scene, however, the car’s 
luminous, volumetric, holographic heads-up display is 
proudly on display, as if to tease something you’d be able 
to buy off the showroom floor next year. And that’s where 
the animation/reality schism widens.

In 2021, decades after heads-up displays first arrived 
in cars, drivers still glance down at the dashboard or 
look at simple windshield reflections to figure out how 
fast they’re going and where to turn next. Augmented 
reality (AR) heads-up displays (HUD) that mix infor-
mation from computers and sensors into the users’ 
field of view—distinct from virtual reality (VR), which 
is entirely computer created—are a reality in aviation, 
medicine, and industry. Cars can drive themselves these 
days, but an AR HUD on your dashboard is still (mostly) 
science fiction. 

THE IDEA OF PUTTING INFORMATION directly in front 
of the driver seems intuitive. At 55 mph a car travels the 
length of a football field in five seconds, about the time it 
takes to send or read a text. In 2018, distracted driving 

resulted in 2,841 deaths in the United States, according 
to the National Highway Traffic Safety Administration. 
Anything that keeps eyes up and on driving should be 
a good thing. 

And HUDs are not new. In aviation, they date to the 
end of World War II when rudimentary systems were 
installed in a few military planes. A version of the British 
Havilland Mosquito had a system that projected radar 
information on a small piece of glass mounted directly 
in the pilot’s line of sight.

In modern military aircraft, AR enables pilots to 
have an almost omniscient view of the world. Cameras 
mounted on the body of the plane feed a seamless 
360-degree panorama to the pilot’s helmet, allowing the 
pilot to “see through” the structure as if it wasn’t there. 
Flight data, weapons status, and target information are 
incorporated into a world-relative view that, combined 
with night vision and forward-looking infrared radar, 
minimizes weather and terrain restrictions. The pilot 
can lock on a target with an eye gaze.

AR has also proven highly adaptable in other fields. 
Medical researchers at Imperial College London used 
a Microsoft HoloLens wearable AR headset to “see 
through” tissue and reconnect blood vessels during 
surgery; researchers in Finland used the HoloLens to 
make repairs to the International Space Station faster 
and more precise; German scientists created a system for 
manipulating a prosthetic hand through the use of AR 
glasses with an integrated camera for tracking.

In the automotive realm, HUDs aren’t new either; the 
1988 Oldsmobile Cutlass Supreme projected a digital 
speedometer readout onto the windshield. But futurists 
dream of full-windshield displays that can do everything 
from highlighting the shape of a pedestrian in a cross-
walk on a dark, foggy night, to pointing out landmarks 
in a city as the car passes, to letting you know that  
your favorite coffee shop has a special on lattes. Like 
hydrogen-powered cars, this level of AR HUD always 
seems just a few years off. 
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IN A 2014 PAPER, researchers from Virginia Tech wrote about 
both the promise and the reality of automotive AR HUDs. 
“While we are already seeing some successful video-based 
augmented reality auxiliary displays (e.g., center-mounted 
backup aid systems), the application opportunities of optical 
see-through AR as presented on a drivers’ windshield are yet 
to be fully tapped; nor are the visual, perceptual, and attention 
challenges fully understood. As we race to field AR applica-
tions in transportation, we should first consider the perceptual 
and distraction issues that are known in both the AR and 
transportation communities, with a focus on the unique and 
intersecting aspects for driving applications.”

The technological challenges are complex, involving not 
only the sensors and cameras that feed information to the 
AR HUD, but also the inverse relationship between the 
size of the display’s eye box and field of view. The eyebox is 
the eye position at which the driver can see the full image; 
when it’s small, a slight shift of the head cuts off the image. 
Field of view refers to the horizontal and vertical dimensions 
of the image. Humans have about 120 degrees of static, 
horizontal, binocular vision. A typical HUD found in a car 
today is less than 10 degrees. 

Solving the problem isn’t simply a matter of making the 
image bigger. “The problem with most of the heads-up  
displays and augmented reality is that eyebox and field 
of view are inversely proportional to one another,” said 
Pierre-Alexandre Blanche, research professor of optical 
sciences at the University of Arizona. “So if you increase one 
the other decreases, and vice versa. People are trying to have 
an extremely large field of view to have a comfortable image 
and extremely large eyebox, and that’s also a high level of 
difficulty to overcome some basic optical limitations.”

In headset applications such as the HoloLens, AR design-
ers have the advantage of a combiner that’s close to, and 
moves with, the wearer’s eyes. Therefore a small eyebox can 
still accommodate a relatively large field of view. Automotive 
AR HUD designers have no such luxury.

At the most basic level, a HUD projects an image on 
a semitransparent combiner, typically made of treated 

Photo credit: Pierre-Alexandre Blanche (top left)

glass or plastic, that overlays the 
reflected image on the “real world” 
visible through it. They can be as 
simple as placing your cell phone 
on the dashboard and viewing 
the resulting Fresnel reflection in 
the windshield, or as complex as 
holograms that diffract specific 
wavelengths and act as lenses to 
increase the field of view. In any 
case, the image size and field of 
view are constrained by the phys-
ical size of the relay optics in the 
system. 

Waveguide technolog y is a 
promising solution to the eyebox/
field of view issue. It’s a com-
plex name for a relatively simple 
idea, Blanche said. “Waveguide 
heads-up displays are based on the 
fact that you can inject an image 
inside a two-dimensional guide, 

A holographic 
waveguide 

combiner for HUD. 
The original image 

is injected inside 
the WG on the 

lower right using 
a holographic 

optical element 
coated on the 

waveguide. After 
propagation inside 
the waveguide, the 
image is extracted 

by another 
hologram on the 

upper left and 
projected toward 

the viewer.



which is a very pedantic way to 
say a piece of glass.”

In a waveguide, an image is 
introduced into the glass through 
a holographic optical element. It’s 
confined by the index difference 
between the glass and surround-
ing air, until it is extracted and 
directed toward the viewer at 
several points by a second holo-
graphic optical element. In an 
experimental design, Blanche 
was able to increase the lon-
gitudinal magnification of the 
original image by incorporating 
optical power into the injec-
tion hologram, and boost eyebox 
size by increasing the size of the 
extraction hologram.

Ultimately, the only limitation 
is the size of the waveguide itself, 
said Blanche. “The goal is to have 
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Photo credits: Pierre-Alexandre Blanche (right); youtu.be/rDcZG06e6dk (bottom)

reality head-up displays—the most common standard in 
the United States is the NHTSA guidelines for visual dis-
traction, which in simple terms will tell you two seconds is 
the maximum that a driver can look away.”

Drivers don’t look away from HUDs. That’s the safety 
selling point. Information appears in the field of view, 
ideally on the same focal plane as objects in the real world 
to eliminate the need for accommodation. But looking isn’t 
the same as seeing, and seeing isn’t the same as processing. 

Faria has been investigating cognitive tunneling and  
inattentional blindness. The former is a phenomenon 
known to any driver who has tried to pay attention to the 
road while having a hands-off cell phone conversation. 
The latter is looking at something but not seeing it. When 
a driver stares directly at an approaching motorcycle and 
turns into its path anyway because nine times out of 10  
he’s looking for a car, that’s inattentional blindness.

In one study conducted in the COGENT Lab’s simulator, 
Faria had participants read a text on a HUD while following 
a car that suddenly hits the brakes. The study drivers never 
looked away from the road, but it didn’t matter. “They crash, 
even though they are looking at [the car ahead]. Although 
it seems like you’re paying attention, you’re blind to the 
situation that just changed in your environment.”

Researchers in the United Kingdom found that where 
information is placed on a windshield affected drivers’ 
ability to stay in their lane. “If you put things right in the 
center you’ll be able to stay in lane for a long period of time 
because you can keep the white lines in your periphery,” said 
Gary Burnett, professor of transport human factors at the 
University of Nottingham. “As you get further and further 
out it’ll get more difficult, basically forcing people to look 
at different places whilst trying to drive.”

The real challenge, said Burnett, will be for designers 
not to make things overly complicated. The larger the field 
of view, the more information you have, the greater the 
temptation to fill it. “It’s a consumer product designed for 
engagements versus designed to minimize distractions. 
Because if you want to minimize distraction you put as 
little on it as possible.”

Burnett envisions an alternate scenario in which AR 
HUDs never progress much beyond their present level 
of development, at least until cars drive themselves and 
humans need something else to do. It’s possible that head-
sets, or even AR contact lenses, leapfrog full-windshield AR 
HUD technology and cars will integrate with AR headsets 
the way they do today with phones, he said. 

“It may well be that full-windshield heads-up displays 
never happen because everyone is just wearing glasses. 
How your glasses communicate with the car would be a 
bit like the way your phone communicates with your car.”

Which, if true, will be a letdown. AR HUDs have been a 
long time coming. And Lance Sterling doesn’t wear glasses.

BOB WHITBY is freelance science writer based in 
Fayetteville, Arkansas.





A view as experienced by an 
observer looking at the HUD. The 
runway strip is located at infinity 
and the avionic symbology is 
displayed by the HUD and overlaps 
with the environment. There is 
no need for the viewer to refocus 
their gaze when looking at the 
information or the outside world.



packaged in only f ive liters of 
space, about three times smaller 
than current AR HUD offerings.  
DigiLens said the system produces 
12,000 nits of luminance—on par 
with a high-end TV—with infor-
mation displayed at infinity so 
drivers don’t have to refocus from 
real-world objects to read what’s 
on the screen. The extraction 
hologram corrects for windshield 
curvature, so no additional optics 
are required.

Also in September, Mercedes- 
Benz became the first car maker 
to offer an AR HUD. The sys-
tem, available as an option in its 
S-Class sedans, features arrows 
that point the way around cor-
ners, lines that highlight the edge 
of a road, and a bar that flashes 
underneath cars ahead to warn 
that you’re getting close. 

THE QUESTION OF “CAN WE?” 
will soon be answered in the 
affirmative. But what about the 
corresponding “should we?” Until 
cars drive themselves everywhere, 
all the time, humans need to pay 
attention to the road. Will AR 
HUDs help or hinder that goal?

Nayara de Oliveira Faria, a 
researcher who studies atten-
tion, perception, and cognition 
in augmented and virtual reality 
at Virginia Tech’s COGENT Lab, 
notes standards that would help 
to answer that question don’t 
exist yet. 

“What I ’m tr y ing to do is 
develop new methods to evaluate 
the effects of augmented reality 
on distraction when you’re driv-
ing,” Faria said. “The standards 
we have for any type of in-vehicle 
displays—GPS or cell phone or 
anything including augmented 

The AR HUD in the  
Mercedes-Benz S-Class sedans.

a heads-up display that the driver 
can see all across the windshield, 
so an extremely large field of view, 
like 100 degrees, and eventually 
have the passenger able to see 
different information on the entire 
field of view on the windshield, 
which is technically possible,” 
said Blanche, adding, “Well, I said 
‘technically,’ but I should have said 
‘theoretically.’”

The future is inching closer. 
DigiLens, a California company 
specializing in waveguide AR 
HUDs, announced in September 
2020 the market-ready status 
of their CrystalClear unit which 
produces a 15-degree by 5-degree 
f ield of v iew with equipment 



LETTER FROM THE PRESIDENT

Through a glass,  
darkly2021 
THE MECHANISM OF VISION, MOST PRECIOUS OF SENSES, has long fascinated 
philosophers and scientists: one of the earliest explanations was offered by Pythag-
oras in the sixth century BCE. Two thousand years later, a burst of activity in lens 
science led to the development of telescopes, enhancing the innate capability of 
observation at a distance. Eventual recognition that there is a vast electromagnetic 
spectrum, of which our eyes register a minute sliver, opened the gates further to 
remote sensing, enabling the detection of objects visibly obscured by distance, or 
by intervening scattering and absorption.

Pulsed lasers paved the way for adding the dimension of time, and the birth of 
lidar technology. Pulse lengths and the speed of ancillary time-of-flight-detection 
circuitry originally limited applications to remote targets. Spectroscopic analysis 
of the signals from such devices provide valuable information on remote chemical 
species and concentrations, as in studies of clouds or industrial atmospheres.  A 
more recent revolution, leading to extensive use in transportation and autonomous 
vehicles, is possible due to advances in pulsing, scanning, and array-detection 
technology, alongside the miniaturization of components and AI implementation. 
Such developments, which can interpret the field of indirectly scattered light, even 
provide a basis to locate and identify objects around corners.

The science of lenses and imaging has progressed with no less vigor, as our smart-
phones testify. Another development is drones’ capability to stream high-quality 
images and data. Applications are rife, ranging from security and defense deploy-
ments to agricultural crop inspection. Such tools become still more powerful when 
combined with multispectral imaging, facilitating analytical inspections of critical 
transportation infrastructure. All around, our world is being transformed by access 
to visual information from vantage points far beyond human reach. The applications 
highlighted in this issue of Photonics Focus showcase the achievement, progress, 
and future promise of this field.

If all of optics and photonics is in essence an extension of human vision, let us 
not forget the amazing precision instrument that is the eye itself. Here too, optical 
technology impinges on us, and not just in the correction lenses worn by more than 
half the adults in developed countries. For example, the use of optical coherence 
tomography is now prevalent for monitoring retinal structure—a prospect first 
established and discussed in an SPIE paper 35 years ago. Yet, though their innate 
acuity and dynamic range is astonishing, our eyes are more than soft cameras; 
in many ways they are entirely matchless. Even with the best kit available as we 
interact remotely in the COVID world, nothing replaces the subtleties conveyed in 
eye-to-eye contact. Roll on the day when we shall once again see each other in fully 
human form, and not just through a glass, darkly.

DAVID ANDREWS 

2021 SPIE PRESIDENT
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SPIE Early Career Achievement Award – Academic Focus

MUYINATU BELL, assistant professor in the Department of Electrical and Computer 
Engineering at Johns Hopkins University and director of the Photoacoustic and 
Ultrasonic Systems Engineering (PULSE) Lab, for her pioneering contributions 
to photoacoustic imaging for surgical guidance, including innovative technology 
designs, novel deep learning applications, informative spatial coherence beamforming 
theory, and visionary clinical possibilities.

The SPIE Early Career Achievement Award recognizes significant and innovative 
technical contributions in the engineering or scientific fields of relevance to SPIE, 
recognizing excellence in academia.

SPIE Early Career Achievement Award – Government/Industry Focus

SERGIO CARBAJO, a staff scientist at SLAC National Accelerator Laboratory, in 
recognition of his capacity to unify ultrafast and quantum optics with x-ray science 
to advance the mission of basic energy sciences facilities.

The SPIE Early Career Achievement Award recognizes significant and innovative 
technical contributions in the engineering or scientific fields of relevance to SPIE, 
recognizing excellence in government/industry.

SPIE María J. Yzuel Educator Award

BISHNU P. PAL, professor of physics and Dean of Academics at Mahindra École 
Centrale School of Engineering, in recognition of his distinguished lifetime contri-
bution to education and dissemination of knowledge in photonics through outreach, 
research, and deep involvement in developing the interdisciplinary pedagogy and 
laboratory on optoelectronics and optical communication at IIT Delhi. Since 1980, 
he has inspired a generation of masters and undergraduate students to become 
leading academic and industrial scientists and entrepreneurs in India and abroad.

The SPIE María J. Yzuel Educator Award recognizes outstanding contributions 
to optics education by an SPIE instructor or an educator in the field.

SPIE Maria Goeppert-Mayer Award in Photonics

JORGE OJEDA-CASTAÑEDA, professor of applied optics at the University of Guana-
juato, in recognition of outstanding contributions to modern and advanced imaging 
technologies of the development of phase-space representations of imaging devices, 
which enable the design of innovative techniques for extending field depth, and for 
proposing novel designs employing lenses with tunable optical power. 

The SPIE Maria Goeppert-Mayer Award in Photonics recognizes outstanding 
contributions to the field of photonics and the development of innovative, high- 
impact technologies.

See the entire list of SPIE Award Winners at spie.org/2021awards

Muyinatu Bell

Sergio Carbajo

Binshnu P. Pal

Jorge Ojeda-Castañeda
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2021 Nick Cobb  
Memorial Scholarship
YUKA ESASHI IS THE 2021 RECIPIENT of the $10,000 
Nick Cobb Memorial Scholarship for her potential con-
tributions to the field related to advanced lithography. 

Esashi is pursuing her PhD in physics at the University 
of Colorado Boulder in the Kapteyn-Murnane group. 
She is co-lead of a research team that is addressing 
much-needed advances in metrology techniques for the 
semiconductor industry, where techniques with high 
resolution, fidelity, and sensitivity are needed. With her 
team, Esashi has developed phase-sensitive EUV imaging 
reflectometry, a novel technique that combines compu-
tational imaging with EUV reflectometry to measure 
depth-dependent chemical composition of semiconductor 
samples in a spatially resolved and nondestructive man-
ner. In her current research, she is planning on applying 
this technique to a wider range of next-generation struc-
tures and materials. 

“It is an honor to receive the Nick Cobb Memorial 
Scholarship in recognition of my work on developing 
novel semiconductor metrology techniques,” says Esashi. 
“There is a great amount of innovation in the field of 
advanced lithography when it comes to tackling chal-
lenging scientific and technological questions, and it’s a 
truly exciting and rewarding area to be working in. The 
award strongly motivates me to continue my work on 
refining and improving our technique of EUV imaging 
reflectometry, and I am looking forward to presenting it 
at future SPIE conferences.”

The Nick Cobb scholarship recognizes an exemplary 
graduate student working in the field of lithography for 
semiconductor manufacturing. The award honors the 
memory of Nick Cobb, an SPIE Senior Member and 
chief engineer at Mentor Graphics. His groundbreaking 
contributions enabled optical and process proximity 
correction for IC manufacturing. As was planned with 
the original funding for the Nick Cobb Scholarship, this 
third scholarship will also be the final one.

Left to right: Frances Arnold (Bill’s sister), Bill Arnold, and Donna 
Strickland. They attended the 2018 Nobel Prize Award Ceremony, 
where both Frances Arnold and Strickland received Prizes.

Photo credit: Chris Mack

In Memoriam:  
William H. Arnold
WILLIAM H. “BILL” ARNOLD, a lifelong lithography expert and an 
integral part of the SPIE community, passed away on 27 Decem-
ber. In 2019, Arnold retired from a 21-year-long career at ASML 
where he had served as both chief scientist and vice president of 
ASML’s Technology Development Center (TDC). Before joining 
ASML, Arnold worked for 18 years at Advanced Micro Devices 
(AMD) where, as a Senior Fellow, he blended theoretical under-
standing of imaging with the practicalities of manufacturing 
for industry.

Arnold, who received his BA in physics from Hampshire College 
and an MS in physics from the University of Chicago, joined SPIE 
in 1983. In 2004, he became an SPIE Fellow in recognition of his 
work in optical lithography that supported semiconductor produc-
tion. In 2013, Arnold served as SPIE President, a role he relished 
and utilized for optimum outreach. Across the lithography and 
SPIE communities, Arnold was known and very much appreciated 
for his friendly, personable, smart, and down-to-earth approach.

“I started as a chipmaker in Silicon Valley,” wrote Arnold in 
his presidential statement to SPIE nearly a decade ago. “I moved 
to Europe to make lithography tools, the wafer scanners which 
print silicon integrated circuits, and now work as a researcher 
and director of an international group looking to the future of 
electronic devices and the ways to make them ever smaller, faster, 
and more capable. Along the way with SPIE, I have been an author, 
journal editor, conference and symposium chair, organizer of new 
meetings, served on the Board of Directors, and met a lot of great 
people who work in optics and related fields. Drawing on these 
experiences, I have strong interest in helping to build the future 
of the Society through personal contribution.” And make his 
mark he did, as several tributes, professional and personal, attest.

Read more at spie.org/bill-arnold

The family asks that memorial contributions be made to Doctors 
Without Borders as an expression of sympathy.
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2021 SPIE-Franz Hillenkamp 
Postdoctoral Fellowship 
NITESH KATTA IS THE WINNER of the 2021 SPIE–
Franz Hillenkamp Postdoctoral Fellowship in  
Problem-Driven Biomedical Optics and Analytics. The 
annual award of $75,000 supports interdisciplinary 
problem-driven research and provides opportunities 
for translating new technologies into clinical practice 
for improving human health. The award will support 
the development of Katta’s doctoral research, as well 
as his efforts to translate benchtop advancements into 
clinical successes. 

Katta’s research project, “A cold laser wire (CLW) for 
true-lumen crossing of tortuous coronary arteries with 
calcified chronic total occlusions (CTOs)”—conducted 
in conjunction with Thomas Milner and Marc Feldman 
at the Beckman Laser Institute and Medical Clinic—
will build on a challenge Katta discovered during 
his doctoral work: In recognizing an unmet need for 
piercing calcified material in performing true-lumen 
percutaneous coronary intervention (PCI) of chronic 
total occlusions, Katta, together with his then-doctoral 
mentors Milner and Feldman, invented intravascular 
cooling and guidance methodologies for achieving 
true-lumen crossing in CTOs using the cold laser wire. 
Katta’s aim is to bring this research into the clinical 
setting, addressing an urgent clinical need of a tool for 
safe PCI in patients suffering with CTOs.

“I am deeply grateful to receive this support from such 
a distinguished organization as SPIE and feel very hum-
bled to have the SPIE-Hillenkamp Fellowship Commit-
tee recognize the value of this work,” says Katta, who 
received his PhD in 2019 from the University of Texas at 
Austin. “Receiving this award will enable me to conduct 
the necessary research work and translational training 
to bring a medical device from a laboratory benchtop 
to the market where it can have a meaningful impact 
on percutaneous coronary intervention outcomes in 
patients suffering from chronic total occlusions.

Learn more at spie.org/hillenkamp

SPIE welcomes 57 Members as new 
Fellows of the Society in 2021
THEY JOIN THEIR FELLOW MEMBERS in being honored 
for their technical achievements in optics, photonics, and 
imaging, as well as for their service to the general optics 
community and to SPIE.

This year’s inductees hail from Belgium, Canada, China, 
France, Germany, India, Israel, Japan, the Republic of 
Korea, Singapore, Spain, Taiwan, and the United States. 
The cohort also encompasses particularly robust industry 
representation.

See the list of 2021 SPIE Fellows: spie.org/fellows

Did you know that SPIE Senior Membership is a prereq-
uisite to becoming an SPIE Fellow? Nominate yourself or 
a colleague for SPIE Senior Membership and put them on 
a path of recognition.

Senior Membership nominations are due 15 March 2021. 
Nomination support materials can be received until 1 April 
2021. Learn more at spie.org/seniormember

2021 Equity, Diversity, and Inclusion  
Activity Grant Recipients 
SPIE EQUITY, DIVERSITY, AND INCLUSION (EDI) ACTIVITY 
GRANTS are competitive, high-impact grants designed to help 
organizations fund activities and events that promote the EDI 
program’s mission of bringing together people from different 
backgrounds, experiences, and perspectives to support innova-
tion through a diversity of ideas and solve challenges faced by 
our world.

In 2021, SPIE awarded $6,290 to 13 organizations:
• Cientificxs Feministas (Argentina)
• B-PHOT Student Chapter (Belgium)
• University of Engineering & Management Chapter (India)
• CICESE Student Chapter (Mexico)
• Information Technology University of the Punjab (Pakistan)
• IRE SPIE Student Chapter (Ukraine)
• National Technical University “Kharkiv Polytechnic 

Institute” (Ukraine)
• University of Manchester Chapter (United Kingdom)
• Texas A&M University Student Chapter (United States)
• Washington University in St. Louis (United States)
• Wellman Center for Photomedicine, Massachusetts 

General Hospital (United States)
• Women in Optics, University of Arizona (United States)
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SPIE Press publishes  
Joe Goodman’s latest
JOE GOODMAN, an international expert in 
Fourier optics, statistical optics, and speckle 
phenomena, has published his latest book, 
Fourier Transforms Using Mathematica®, 
with SPIE Press. 

In this work, Goodman utilizes inter-
active plots based on Mathematica code 
to elucidate complex concepts in Fourier 
transforms and their applications, including 
optical imaging and imaging processing. 
The ability to manipulate dynamic figures 
in real-time facilitates an intuitive grasp of 
important concepts related to this mathe-
matical technique.

Goodman’s previous book with SPIE Press, 
Speckle Phenomena in Optics: Theory and 
Applications, Second Edition, was published 
earlier this year. His 1968 work, Introduction 
to Fourier Optics, is considered a seminal 
book on the subject; its fourth edition was 
published in 2017.

Goodman, an SPIE Fellow since 1978, 
is the William Ayer Professor Emeritus at 
Stanford University, and cofounded Optiv-
ision and ONI Systems. He has received 
numerous honors for his work in optics—
including the SPIE Dennis Gabor Award in 
Diffractive Optics in 1987 and the SPIE Gold 
Medal in 2007—and has authored hundreds 
of research papers and several books on the 
topic. In 2011, he was awarded the SPIE 
Rudolf Kingslake Medal and Prize for his 
2010 paper on speckle properties, which 
was published in the SPIE journal Optical 
Engineering.

G oodman and his w ife ,  Hon Mai  
Goodman, fund the biennial Joseph W. 
Goodman Book Writing Award which 
recognizes recently published outstanding 
books in optics and photonics. The next
Goodman Book Writing Award, co-sponsored 
by SPIE and OSA, will be presented in 2022.

Finalists Announced for  
2021 Prism Awards

LIFE SCIENCES
• Augmentiqs Medical, 

Augmentiqs 1000
• IPG Photonics, YLPF-FlexO
• OmniVision Technologies, 

OVM6948 CameraCubeChip™
MANUFACTURING
• BMF (Boston Micro Fabrication), 

microArch™ S240
• IPG Photonics, LightWELD 1500
• nLight, AFX-1000
MEDICAL DEVICES
• Endofotonics, SPECTRA IMDx™ 
• Lumedica Vision, OQ EyeScope
• Norlase, LION™
QUALITY CONTROL
• Ophir, LBS-300HP-NIR
• Teledyne DALSA, Linea HS 32k 

TDI Camera
• RoadVista, StripeMaster 3 

Retroreflectometer
QUANTUM
• AUREA Technology, Quantum 

Entangled Twin Photon Source
• Element Six, DNV-B1™
• Qnami, Qnami ProteusQ
SAFETY & SECURITY
• Alakai Defense Systems, 

Situational Awareness for  
First Responders (SAFR)

• Cubert, ULTRIS 20 
Hyperspectral Camera

• RaySecur, MailSecur mmWave 
Scanner

INDUSTRY GIANTS AND EMERGING CHALLENGERS will be honored at the 
Prism Awards in a virtual ceremony in March. The annual black-tie event, 
now in its 13th year, recognizes industrial innovation in photonics in multiple 
categories. For the consideration of the 2021 Prism Awards, SPIE and media 
partner Photonics Media received 149 applications from 18 countries.

Notable trends in quantum, manufacturing, healthcare, smart sensing, and 
autonomous transportation mark this year’s entries and finalists. Emerging 
companies Lumedica and Qnami, and returning Prism champions Wave- 
Optics and nLight, will share the virtual stage alongside industry stalwarts 
such as IPG and Osram. With ten categories ranging from manufacturing, 
vision technology, and life sciences to transportation, quality control, and 
medical devices, the Prism Awards showcase the latest products and technical 
innovations across optics and photonics.

A full list of the finalists and their competing technologies:

SOFTWARE
• ALPhANOV, Immersive 

Photonics Lab
• Beijing JCZ Technology, EZCAD 

Laser Processing Software
• OptoTest, OPL-CLX Software 

Suite
SMART SENSING
• Luxmux, Ultrawide Tunable 

Fabry Perot Laser
• mirSense, New QCLs from 

10µm to 17µm
• nanoLambda, Digital Nano 

Spectrometer
TRANSPORTATION
• AEye, 4Sight M
• Lumotive, X20 LiDAR
• SLD Laser, LaserLight W-IR SMD
VISION TECHNOLOGY
• Gamma Scientific, NED-LMD 

Waveguide Tester
• OSRAM Opto 

Semiconductors, 550 aperture 
PowerBoost VCSEL

• WaveOptics, WaveOptics 
Waveguide Platforms

Read more at 
photonicsprismaward.com
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Snap a photo of your completed word search + Bonus scramble, and send it to 
photonicsfocus@spie.org. Three winners, drawn at random, will receive a gift!

BONUS: Unscramble the circled letters to reveal the theme of this issue of Photonics Focus

THEME:

CLUES:

 1. This person appoints the US OSTP Director
 2. These car customers are both loyal and patient
 3. Bandwidth for 6G
 4. Two returning Prism Award champions
 5. Lithography luminary
 6. Photonics 2021 format
 7. A leader’s responsibility
 8. What students lack during pandemic
 9. Whose 2004 Grand Challenge launched  

autonomous vehicle research
 10. The linchpin optical technology of  

Patent No. 4676586

11. Make of Lance Sterling’s futuristic car
12. Group at high risk for mental health during 

pandemic
13. President Biden’s 2021 science adviser
14. Dominant optical technology for  

autonomous vehicle navigation
15. Two types of drone imagers
16. Data quantity, per week, self-driving cars may 

generate
17. Displays that appear in front of a user in a vehicle
18. This 1957 autonomous vehicle system embedded  

what in the highway

HINTS
1. Begins with P; nine letters 2. Begins with T; ten letters 3. Begins with T; nine letters 4. Begins with N and W; six and 
ten letters 5. Begins with B; ten letters; 6. Begins with D; twelve letters 7. Begins with M; nine letters 8. Begins with C; 
nine letters 9. Begins with D; five letters 10. Begins with F; eleven letters 11. Begins with A; four letters 12. Begins with P; 
eleven letters 13. Begins with L; six letters 14. Begins with L; five letters 15. Begins with H and I; thirteen and eight letters 
16. Begins with P; eight letters 17. Begins with H; seven letters 18. Begins with C; five letters
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Reflections
In Bolivia, at 3,670 meters above sea 
level, sits a desolate train graveyard in 
the Salar de Uyuni, the world’s largest 
salt flat. 

Photo by Haiyan Huang
 

Submit your own images of light properties and light-based technology to REFLECTIONS by mentioning  
@SPIEtweets   or @spiephotonics . Submissions can also be sent by email to photonicsfocus@spie.org.

Submit your own images of light properties and light-based technology to REFLECTIONS by mentioning  
@SPIEtweets   or @spiephotonics . Submissions can also be sent by email to photonicsfocus@spie.org.

In Bolivia, at 3,670 meters above sea 
level, sits a desolate train graveyard in 
the Salar de Uyuni, the world’s largest 
salt flat. 

Photo by Haiyan Huang
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