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FIELD OF VIEW

Display System Technology Improvements 
are Vital to AR/VR Headset Adoption
VIRTUAL REALITY (VR), augmented reality (AR), or mixed 
reality (MR) headsets and smart glasses have been the sub-
ject of much anticipation for the past decade, with promises 
of being the “next big thing.” Despite their potential, these 
devices have not seen widespread consumer adoption, in part 
due to the lack of universal use cases, as well as comfort issues 
(wearability, visual, and social).

For now, these headsets, goggles, and glasses have 
found success in enterprise, industrial, and defense mar-
kets, where they cater to specialized use cases and niche 
applications. Technology developments—many enabled by 
optics and photonics—may help bridge the gap. 

Optics and photonics are at the core of all AR, VR, 
and MR systems, serving as building blocks for display, 
imaging, and sensor subsystems. The display subsystem 
assembly (DSA), imaging subsystem assembly (ISA), and 
sensor subsystem assembly (SSA) are intimately linked 
together and cross-calibrated to provide the best immer-
sive experience to the user.

While early AR headsets used existing platform com-
ponents, there is now a need to develop specifi c techno-
logical building blocks for each. Here, I will focus on the 
display subsystem.

Conventional display systems for VR headsets use LCD or 
AMOLED panels, while AR headsets and smart glasses use micro-
display panels like LCOS, DLP, microOLED, and more recently, 
microLED. MEMS laser beam scanner (LBS) systems, initially 
developed for telecom applications, have found extensive use in 
smart glasses and MR headsets.

However, LBS display systems may face other challenges, such as 
the number and size of driving chips which might increase the fi nal 
display engine size and costs, especially as the scanning system gets 
more intricate. In addition, the exit pupil size and color uniformity 
may have issues when mated to a diff ractive waveguide combiner, 
which requires complex compensation algorithms.

 For compact AR systems, microLED panels off er compelling 
advantages as they are emissive, requiring no illumination engine, 
and can deliver the brightest images (>1M nits at the panel). 
However, implementing a full RGB (red, green, blue) microLED 

There are usually three parts comprising the DSA: The dis-
play engine where the image is generated; the optical combiner, 
which combines the display and the see-through scene; and the 
see-through stack which includes all additional optics, vision pre-
scription lenses, protection visors as well as sensors (eye tracking, 
iris recognition, face tracking, gesture sensing), and dimming 
technologies (global or pixelated). 
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display engine necessitates aligning 
three single-color panels onto a min-
iature X-cube, which presents signifi -
cant challenges and requires further 
demonstration of high yields.

Polarized light output from dis-
play panels is desirable, especially 
when the combiner is more effec-
tive for one polarization than the 
other, as seen w ith holographic 
waveguides or surface relief grating 
(SRG) waveguides. Refl ective wave-
guides, on the other hand, off er sim-
ilar effi  ciency for both polarizations, 
making them better suited for non-
polarized display engines.

 Power consumption is a crucial 
concern for all-day-use smart glasses. 
For such glasses, where full immersive 
display like MR headsets may not be 
necessary, the average pixel lit (APL) 
in typical use cases can be reduced 
to below 10 percent or even 5 percent 
(simple contextual display or ambient 
AR display). This is especially ben-
efi cial when using emissive displays 
like microLEDs and LBS (to a lesser 
extent microOLED). MicroLED and 
LBS display systems typically require 
low power for low APL but consume 
much more power at higher APL 
when compared to their nonemissive 
counterparts (LCOS and DLP). This 
defi nes their best fi t for ambient AR 
and contextual display in smart glasses 
(<1/4W for the DSA). For headsets with 
larger batteries capable of provid-
ing more power to the system (up to 
6-8 W for the entire goggle system), 
higher APL more adapted to MR use 
cases can be displayed, as seen in Holo-
Lens and Magic Leap headsets.

Reducing the size of the LED active 
area to pixel sizes and pitches similar 
to LCOS, DLP, or micro-OLED results 
in reduced eff iciency due to edge 
recombination and other parasitic 
effects. Various techniques, such as 
pick and place, have been investigated, 
but were found to be nonscalable 
for AR displays. Monolithic RGB  
microLEDs have become the ultimate 
architecture for many. However, R 
color generation remains challenging 
in monolithic GaN/InGaN despite 
effi  cient B and G pixels produced by 

conventional GaN and effi  cient R pixels by AlInGaP. Some companies have explored 
the use of vertical nanowires to increase the eff ective pixel area, while others employ 
quantum dot conversion for G and R, while maintaining natural B emission from 
GaN. Monolithic RGB integration in a single display panel remains a holy grail for 
many microLED start-ups.

MicroLED panels are ideal for new thin “all-in-one” AR display systems, making 
them desirable image sources for new DSA architectures like those by LusoVU and 
NewSight Reality. These architectures can combine separate single-color micropanels 
using nonuniform transmissive or refl ective MLAs to not only generate the image, but 
also synthetically build up a fi eld of view (FOV), eye box, color, and even achieve fove-
ated display and light-fi eld displays. Such a display system can be dynamically tuned 
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successful STEM student, whether a chemist or aerospace engineer, 
needs to master at some point in their academic career. Most young 
students will not immediately recognize the immense importance 
and power of ideas such as complex numbers or linear algebra when 
introduced in a standard math class. However, when these math 
concepts are instead introduced as tools to understand the wacky 
nature of quantum superpositions, students become excited to 
learn the math and immediately get practice applying it. Therefore, 
I see quantum computing education as a unique way to motivate 
students to “eat their academic vegetables.” 

In 2019, this view of quantum education led me to propose the 
crazy idea of teaching a high school-level quantum computing 
course to Kiera Peltz, CEO of The Coding School, a tech education 
nonprofi t. At the time, there existed few approachable, introductory 
resources to quantum computation and virtually no K-12 quantum 
education. However, Peltz appreciated the vision and  together we 
launched the Qubit × Qubit (Q×Q) initiative. During the Covid-19 
pandemic there was a dire need for virtual STEM education, to 
which Q×Q responded with a year-long “Introduction to Quan-
tum Computing” course, off ered to 10,000-plus high schoolers, 
university students, and members of the workforce, in more than 
125 countries. We found students to be exceptionally engaged and 
excited. The course retained more than 80 percent of students, 
among which 55 percent came from traditionally underrepresented 
backgrounds and 85 percent indicated that the course increased 
their interest in STEM. 

As a course instructor, I found this incredibly fulfi lling. Irre-
spective of whether these students end up in quantum-related 
fi elds, the knowledge acquired through Q×Q will serve them in 
any STEM career. Furthermore, given Q×Q’s large emphasis on 
diversity, I believe we gave high school students the confi dence 
and background necessary to excel in fi rst-year college courses. 
Interestingly, acknowledging that even experts fi nd quantum hard 
and do not have all the answers did not discourage but, rather, 
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empowered students by eliminating their fear of asking 
questions and getting wrong answers.

In the years since, Q×Q has continued to offer 
and improve this course, as well as introduce more 
programming, such as workshops, conferences, and 
research opportunities. I am incredibly proud of and 
excited by how far the organization has come and 
continues to grow. As of 2023, Q×Q is a global leader 
in quantum education, especially at the K-12 level. 
Beyond training a diverse future quantum workforce, 
Q×Q has used quantum education to prepare and excite 
tens of thousands of students for advanced STEM 
degrees. Although we may not “understand” quantum 
mechanics, as Nobel Laureate Richard Feynman once 
said, we surely can learn from it. 

FRANCISCA VASCONCELOS is the founding 
academic director of Qubit × Qubit and an NSF 
graduate research fellow at the University of 
California, Berkeley, Department of Electrical 
Engineering and Computer Science. To learn more 
about Qubit x Qubit, visit the program webpage 
qubitbyqubit.org or contact quantum@the-cs.org
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6

WHETHER IT BE WATCHING THE WORLD CUP on a 
Samsung Quantum OLED TV, venturing into the Quan-
tum Realm with Ant-Man, or cleaning dishes with Finish 
Quantum Detergent, “quantum” has become a household 
term. However, in the history of science, quantum physics 
is fairly recent; Erwin Schrödinger introduced his land-
mark Schrödinger equation, a major milestone at the origin 
of the fi eld, only about 100 years ago. Thus, it should come 
as no surprise that corporations and the media preface 
their products and ideas with the term quantum to evoke 
thoughts of complicated science, futurism, and techno-
logical advancement. 

Even within academic circles, quantum is often regarded 
as a complicated and counterintuitive topic. Niels Bohr, a 
founder of the fi eld, stated that “anyone who is not shocked 
by quantum theory has not understood a single word.” 
Despite its pervasiveness in almost all modern areas of 
STEM—including biology, chemistry, mathematics, and 
electrical engineering—quantum mechanics is not usually 
a curriculum focus for most majors of study. Generally, 
only university physics students undergo a multi-course 
quantum series. These courses typically promote a cal-
culation-based approach to quantum mechanics that 
discourages students from questioning the theory. This is 
unsurprising, given that leading scientifi c researchers and 
philosophers have yet to reach a consensus on all aspects 
of quantum theory. Despite these challenges in under-
standing, learning, and teaching quantum, there has been 
a large push in recent years to make quantum education 
more accessible to the public, at the K-12 level, for early 
university students, and for members of the workforce. 

From a societal perspective, the motives for quantum 
education are clear. Today, quantum technologies, such 

as semiconductor electronics, lasers, magnetic resonance 
imaging (MRI), and global positioning systems (GPS), to 
name a few, are used more than ever before. In 2018, the 
US government passed the National Quantum Initiative 
Act, authorizing $1.2 billion in spending to support and 
accelerate the development of novel quantum technologies. 

Of special interest are quantum computers, which have 
the potential to break modern cybersecurity and advance 
quantum simulation, promoting discoveries in domains such 
as pharmaceuticals, agriculture, and climate change. Major 
companies, such as Google and IBM, have also invested heav-
ily in quantum computing divisions, and several startups 
have emerged in the area, creating a booming quantum job 
market. In the years to come, we will need a trained, talented, 
and diverse quantum workforce to support this growing 
quantum economy. Furthermore, as quantum technologies 
become more prevalent, it is critical for the public to acquire 
a basic understanding of these technologies, facilitating their 
adoption and promoting wider use. An informed public can 
also help ensure that these technologies are developed and 
utilized in an ethical and responsible manner. 

While these are all important reasons, it was not the need 
for a quantum workforce or public awareness of quantum 
technologies that led me, personally, to quantum education. 
Rather, I fundamentally believe that quantum education can 
enhance general STEM education, especially if done well and 
at the right time in a student’s academic career. 

To elaborate, quantum computation and information is a 
beautiful theory—at the intersection of mathematics, com-
puter science, electrical engineering, and physics—which 
directly applies fundamental STEM ideas, such as complex 
numbers, linear algebra, probability theory, and Fourier 
analysis. These concepts comprise a core skill set that any 

ANYONE WHO IS NOT

        SHOCKED BY

 QUANTUM THEORY
HAS NOT UNDERSTOOD

A SINGLE WORD.

BANDWITH
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In May, an image of an explosion at the Pentagon 

circulated, causing stocks traded on the S&P 

index to drop by $500 billion in value. But the 

explosion didn’t really happen. The photo was 

quickly debunked as an AI-generated fake, and 

fortunately the stock market recovered.

Other such instances keep popping up. In late spring 2022, a video showed 
up on a Ukraine-news website depicting President Volodymyr Zelenskyy 
apparently telling his soldiers to lay down their arms and surrender to Russia. 
Again, the fake was quickly exposed, but it demonstrated the potential for 
serious consequences from manipulated media. In June, the Federal Bureau 
of Investigation warned that extortionists were creating phony videos of peo-
ple engaging in embarrassing sexual acts and demanding money to prevent 
their circulation.

Deepfakes—images and video created or altered by AI—are growing more 
sophisticated with each passing month and have led to widespread concern 
among scientists, journalists, and government offi  cials. The Zelenskyy video 
was probably the fi rst use of deepfakes in the context of war, said William 
Corvey, a program manager at the Defense Advanced Research Projects Agency 
(DARPA) in a video released by the agency. “If it had been more compelling, it 
may have changed the trajectory of the Russia-Ukraine confl ict,” he said. Oth-
ers worry that plausible forgeries could lead to scams directed at individuals 
or altered satellite imagery relied upon by national defense agencies. Given 
the possibly dire consequences of deepfakes, computer scientists are hard at 
work on ways to detect them so that they can be blocked or neutralized. 

Deepfakes get their name from the deep-learning techniques used to create 
them. Deep learning works on an analogy to the operation of a human brain. 
Input data is passed through a series of artifi cial neurons, each of which per-
forms a small mathematical function on the data and passes the results to 
the next neuron. Eventually, this neural network learns about the statistical 
distribution of the data—a particular pattern of pixels with certain brightness 
or color and the way they relate to other pixels would, for instance, describe 
a cat and not a camel. 

In deepfakes, once the machine has learned the statistical distribution in 
real images, it can use that distribution to create new images. One method is 
an autoencoder, a compression algorithm that picks out the most important 

PHOTONICS FOCUS SEPTEMBER/OCTOBER 2023 25

PhoFo_Sept-Oct23_DRAFT#21.indd   25PhoFo_Sept-Oct23_DRAFT#21.indd   25 8/15/23   1:11 PM8/15/23   1:11 PM

Exposing 
Deepfake
Imagery

By Neil Savage

PhoFo_Sept-Oct23_DRAFT#21.indd   24PhoFo_Sept-Oct23_DRAFT#21.indd   24 8/15/23   1:11 PM8/15/23   1:11 PM

In addition to interesting 
thematic feature articles, 
Photonics Focus publishes 
useful articles in the following 
editorial departments:

Sources
Recent and notable  
research highlights

Bandwidth
Helping you grow in your 
career or begin a new one

Field of View
Insight into the photonics 
industry

Luminaries
The institutions and people 
who lit the way for photonics

Member Lens
SPIE events, awards, and  
news for Members

See the Light
Images of photonics in 
society from readers' 
hometowns and travels.

SPIE Sales  ·  spiesales@spie.org  ·  Tel: +1 360 676 3290  ·  Fax: +1 360 647 1445

Feature articles written by top science journalists delve 

into photonics applications, future missions, and technologies 

that will impact the world. Exciting graphics and beautiful 

photography highlight our editors' mission to deliver an 

unparalleled experience for Photonics Focus readers.

PHOTONICS FOCUS MARCH/APRIL 2023 15

a program to build one without hiring new 
staff, and they charged ahead. 

Their key goal was an atomic clock able to 
operate for a long time with atomic accuracy. 
Essen decided he could achieve that by using an 
atomic beam device to control his quartz oscilla-
tors. He and microwave expert Jack Parry spent 
long hours measuring electromagnetic fi elds and 
installing high-vacuum equipment to contain 
the cesium. It worked for the fi rst time on 24 May 
1955, and within months, it was recognized as 
the fi rst fully operational atomic clock. 

The cesium clock heated up a simmering 
dispute between astronomers and physicists 
over time standards. The length of the second 
had long been based on the length of the day, 
but Essen’s quartz clocks had detected fl uctua-
tions in length of the day. In 1956, astronomers 
redefi ned the second in terms of the length of 
the year. By then, however, cesium clocks had 
proved better timekeepers than the length of the 
year, leading Essen and other physicists to urge 
redefi ning the second in atomic time. 

Trying to save the astronomical second, Clem-
ence, who was head of the US Nautical Almanac 
Offi  ce, wrote to Nature proposing naming the 
atomic second after Essen. But the idea went 
nowhere. In 1967, the General Conference on 
Weights and Measures defi ned a second as the 
duration of 9,192,631,770 waves of a cesium 
clock, a measurement that remains the global 
standard today. 

Essen and others suggested keeping astro-
nomical time in phase with the more accurate 
atomic time by adding an occasional leap sec-
ond. Physicists and astronomers accepted the 
compromise in 1972 but it is scheduled to be 
eliminated in 2035. 

Near the peak of his career in the 1950s, Essen 
got himself into trouble by publicly challenging 
time dilation in Einstein’s special theory of rel-
ativity. One NPL colleague called it “scientifi c 
blasphemy coming from a Fellow of the Royal 
Society.” Others were simply bemused. But when 
Essen continued the argument, he was pushed 
to retire in 1972. 

Unfortunately, Essen’s misadventures in 
relativity may have faded his name, but his 
remarkable success in precision clocks and 
measurement is the legacy of a Time Lord that 
lives on in 21st century technologies.

resonating at 100 kHz, a frequency much more useful for the young radio 
industry. 

In 1936, NPL made the 100-kHz clock its primary standard of time and 
frequency. Essen built fi ve copies for offi  cial timekeeping, which served 
accurately and reliably for more than 20 years at the US Naval Observatory, 
the Royal Observatory in Greenwich, UK, and elsewhere. Essen also wrote 
a thesis on the new clock, which earned him a doctorate. 

The onset of World War II shifted Essen’s work from precision clocks to 
microwave electronics for military systems. NPL designated him as its expert 
on the speed of light to answer questions from industry and government agen-
cies, which needed to know it very precisely for military targeting. After the 
war ended, he measured the speed of light with record nine-digit precision. 

Essen also realized that the gigahertz frequencies of microwave electronics 
could off er the next big advance in time measurement. They could measure 
time down to billionths of a second and be locked to natural resonances of 
atoms and molecules in the gigahertz range to create atomic clocks stabilized 
to very high precision. However, postwar Britain lacked the needed money.

The US had money to build an atomic clock and, in 1947, the US National 
Bureau of Standards (NBS), now the National Institute of Standards and 
Technology, put physicist Harold Lyons in charge. Lyons based his atomic 
clock on the 24-GHz resonance of nitrogen molecules. He spiff ed up his 
equipment for public display by topping it with an ordinary electrical wall 
clock, and a gold-plated loop fi lled with ammonia. 

The US clock made headlines, but it did not impress Essen. Its frequency 
was unstable, and it could only run for a few hours at a time. He sketched out 
a two-page proposal for NPL to make a more-practical atomic clock using 
cesium atoms. 

Cesium is a soft alkali metal that ignites in air and water, so it can be 
troublesome. But Essen thought cesium had important advantages for an 
atomic clock. It has one outer electron, a single stable isotope, a simple and 
narrow spectrum, and a resonance at 9.192631770 GHz that microwave 
sources could match. 

Essen received no response to his proposal until 1950 when a new NPL 
director said he liked the idea. But money was still tight. When Essen 
visited the US in 1953, he learned NBS was working on a cesium clock, 
but its performance couldn’t match even Essen’s quartz clocks. When he 
returned, Essen thought the US was ahead. Although he expected the US 
would make the first atomic clock, he knew a second independent clock 
would be needed for comparison. He persuaded his boss they could launch 

 Louis Essen and Jack Parry standing next to the 
world’s fi rst cesium atomic clock, developed at 
the UK National Physical Laboratory in 1955.

JEFF HECHT is an SPIE Member and 
freelancer who writes about science
and technology.
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we couldn’t dream of robotic cars or spacecraft steering them-
selves with pinpoint precision. 

The signifi cance wasn’t lost on the science and people of 
Essen’s time, either. Soon after the debut of Essen’s clock, 
astronomer Gerald Clemence suggested naming the atomic 
second the “essen.” 

But Essen would have none of it, writes his son-in-law Ray 
Essen in Revolutions in Time, a biography based on the elder 
Essen’s unpublished memoir, Time for Refl ection. “Rather 
than being fl attered, he felt it would duplicate one of the most 
fundamental units of measurement [...leading] to widespread 
confusion.” 

Such practical humility was characteristic of Essen, who 
had grown up poor in a house that lacked indoor plumbing. 
By the time of his death in 1997 at age 89, however, he was a 
Fellow of Britain’s Royal Society, a refl ection of his long and 
distinguished science career. In one obituary, Royal Society 
colleague Sir Alan Cook called Essen “a modest and somewhat 
self-eff acing man devoted to the pursuit of the highest precision 
in electrical measurements.” The Guardian newspaper was 
more succinct, dubbing Essen a “time lord.” 

 Indeed, poverty in childhood didn’t hold Essen back. In 
1928, the 19-year-old graduated with fi rst-class honors from 
University College Nottingham in the UK. With a scholarship, 
he was able to continue postgraduate study there in physics. 
But he had also grown tired of living with his cash-strapped 
parents in Nottingham. After hearing of a plum position— 
junior scientifi c assistant—at the National Physics Laboratory 
(NPL) near London, he applied, and was pleased to start in 
1929 at an annual salary of £175. 

Essen’s job was to assist David Dye, who directed NPL’s divi-
sion of electrical standards and measurements. They got along 
well, and Dye’s quest for accurate measurement rubbed off  on 
Essen. They were working on a 20-kHz quartz ring oscillator to 
measure radio frequencies in 1932 when a bout with pneumonia 
killed Dye at the young age of 44. NPL asked Essen to fi nish the 
oscillator, and his improvements made it a laboratory standard.

Then he built a better one. Essen had mastered the tech-
nology so well he was able to design and build a new clock 

LOUIS ESSEN’S 1955 INVENTION of the fi rst practical atomic 
clock changed the basis of timekeeping from the periodic 
motion of the Earth, as recorded by astronomers, to the 
periodic motion of electrons in cesium atoms as measured 
by physicists. 

That is not just an esoteric exercise in fussy academic phys-
ics. The fast pace of our tech-driven lives depends on precision 
timekeeping. Essen’s clock has everything to do with the next 
time you don’t get lost—GPS relies on exceedingly accurate 
time measurements. We also can credit Essen with pinning 
down the speed of light to nine-digit accuracy, without which 

By Jeff Hecht

LOUIS ESSEN
Time Lord of Precision Atomic 
Clocks

Photo credit: Ray Essen
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