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Abstract
A novel augmented reality display is proposed to achieve a field of view of
100 , while maintaining a good form factor with a glass-thin waveguide combiner. The out-coupler consists of an array of off-axis diffractive lenslets with
extremely low f-number. A breadboard system is built and its performance
characterized, combined with analysis and discussion of further improvement.
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1 | INTRODUCTION
The emerging augmented reality (AR) has attracted
considerable attention and interests in both industry
and academia because of its widespread application
potential.1–3 Nevertheless, the design of a see-through
near-eye AR display with high optical performance and
glass-type form factor is extremely challenging. The
most straightforward method is to use a semitransparent combiner to blend the environment light with the
display.4,5 However, such a system ultimately encounters the issue of conserved étendue,6 which states that a
larger field of view (FOV) and eyebox require a bulky
optics, which is unacceptable for wearing comfort.
Waveguide displays7–10 have so far been deemed as the
most promising technique to achieve a glass-type form
factor. It utilizes the total internal reflection (TIR) of
light in the glass substrate to expand the overall
étendue to get a large eyebox without sacrificing FOV.
Light rays with different viewing angles are directly
related to the different propagating angles in the waveguide. Current commercial products adopting waveguide, like Microsoft Hololens 1 and 2 and Magic Leap
One, are able to achieve a horizontal FOV of about 40 ,
which is still too small as compared with the human
vision. However, to further increase FOV is notoriously
450
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difficult in engineering. The challenge mainly comes
from the TIR process, which sets a lower limit of propagating angle to maintain TIR and an upper limit to
ensure good light uniformity.
In this paper, we report a novel display system that
adopts the similar idea of expanding eyebox with TIR
in traditional waveguide displays, but the out-coupler
consists of an off-axis diffractive lens array that manifests high modulating power with an ultralow f-number
(F#). The out-coupler can significantly release the burden of producing light rays with different angles on the
TIR process and achieve an unprecedented diagonal
FOV of 100 .

2 | SYSTEM DESIGN
As plotted in Figure 1A, traditional waveguide displays
use a grating as the out-coupler. The grating diffracts a
proportion of the light out of the waveguide, while the
remaining part keeps propagating and repeats the process. Because the grating does not offer additional optical
power, the angle of the out-coupled rays is determined by
the TIR angle in the waveguide. If we note the lower and
upper limit of the TIR angle as θmin and θmax, then the
FOV can be calculated as
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F I G U R E 1 A, configuration of the
traditional waveguide display. B, sketch of our
proposed display system. MEMS,
microelectromechanical systems

FOV = 2sin − 1




1
ðns sinθmax −ns sinθmin Þ ,
2

ð1Þ

where ns is the refractive index of the substrate. To estimate the theoretical FOV limit of traditional waveguide
displays, it is reasonable to set θmin as the critical angle.
Furthermore, we set θmax as 90 and ns as 2.0, which are
extremely challenging in practical engineering and fabrication. The FOV limit can be therefore calculated as
FOVmax = 60 . If we loosen the condition to ns = 1.9 and
θmax = 80 , then the maximum FOV is 53 . It should be
noted that the calculation is for 1D FOV. But still, the
theoretical limit is far from the FOV of human vision system, which is about 90 for binocular vision.
To overcome the limit, we propose to use an off-axis
diffractive lens array as the out-coupler. The configuration of our proposed display system is plotted in
Figure 1B. The image source is a laser beam scanning system with a collimation lens. The propagating angle in the
waveguide is thus fixed, but the relative position of each
ray in the waveguide is different. So each ray will run
into different portions of the lens and gets diffracted into
different angles. For a single lenslet, the FOV of the system is only determined by the F# of the lens:
FOV = tan − 1

1
:
2F#

ð2Þ

In theory, the FOV is not limited as long as a low F#
can be achieved. For estimation, to achieve FOV beyond
60 , from Equation 2, we need F# = 0.87. Similarly, if we
can reduce F# to 0.60, then FOV can be expanded to 80 .
The fabrication of our proposed lens array adopts the
polarization holography system depicted in Figure 2. The

system is used to produce linear polarization pattern with
the interference of two opposite circularly polarized light
beams. As Figure 2A depicts, the laser beam
(λ = 457 nm), after filtering and expansion, is separated
by the beam splitter to two paths. A quarter-wave plate is
placed in each arm to convert the incident light to righthanded circular polarization (RCP) (Path 1) and lefthanded circular polarization (LCP) (Path 2). An aspheric
lens (L1) with focal length f1 = 7.5 mm and diameter of
10 mm is placed in Path 1. L1 functions as the template
lens to produce the desired wavefront of the diffractive
lens. Another lens L2 with a long focus (f2 = 20 cm) is
placed in Path 2 to focus the light to ensure the same
light intensities of two paths. Because the focal distance
of L2 is much longer than that of L1, its influence on the
final wavefront is negligible. A black matrix with a
square whole (2 × 2 mm) is placed right before the sample to form the square-shaped lens, as shown in
Figure 2B. The total output power of the laser is 100 mW,
and the measured light intensity on the sample is
115 mW/cm2.
The holography serves as the exposure system for the
fabrication whose fundamental mechanism is photoalignment of liquid crystals (LCs). With the exposure
under linearly polarized light, the azobenzene photoalignment molecules we used (brilliant yellow) tend to
align perpendicular to the electric field.11 So with adequate exposure dosage, the photoalignment layer can
record the electric field pattern. When the LC is placed
on top of the photoalignment layer, the LC in contact
will also follow the pattern. If the employed LC is
nematic, then the whole layer will follow the bottom
LC molecules, as in transmission Pancharatnam–Berry
optical elements.12 However, in our fabrication, we used
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F I G U R E 2 A, setup of the polarization
holography system. B, enlarged part of the red
dashed box in A. LCP, left-handed circular
polarization; RCP, right-handed circular
polarization

cholesteric LC (CLC), which tends to form helical structure. The bottom LC that follows the photoalignment pattern will give the bulk CLC a tilt angle,13,14 as Figure 3
shows.
Our fabrication process starts with cleaning the glass
substrate (1 mm thick) with ethanol, acetone, and isopropyl alcohol. After drying with air, a layer of brilliant yellow (1:500 in dimethylformamide) is spin-coated on the
substrate at 500 rpm for 5 s and 3000 rpm for 30 s. Then,
the sample is placed under the holography system for
exposure. For each lenslet, the exposure time is 15 s,
followed by translating the sample to the position of next

lenslet and repeating the exposure process. The laser
beam is totally blocked during the translation process to
avoid damaging the pattern. After the exposure, a layer of
CLC mixture is spin-coated onto the photoalignment
layer. The precursor of the CLC mixture consists of 2%
chiral dopant R5011, 3% photoinitiator Irg651, and 95%
reactive mesogen RM257. The precursor is dissolved in
the toluene at 1:7 weight ratio. The spin-coating speed is
2000 rpm for 30 s. After that, the sample is placed under
the UV lamp (365 nm, 10 mW/cm2) for 5 min to polymerize and stabilize the structure. The detailed procedure is
sketched in Figure 4.

F I G U R E 3 Schematic of the cholesteric
liquid crystal orientation with patterned
photoalignment layer
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F I G U R E 4 Detailed flowchart of
the fabrication process. CLC, cholesteric
liquid crystal

3 | R ES U L T S A N D D I S C U S S I O N

3.2 | Display system

3.1 | CLC lens array

The display system setup is shown in Figure 6A. The
image source is a pico projector (Sony MP-CL1) using
laser beam scanning. The wavelength of the red channel
is 639 nm. Recall that the exposure system uses the blue
light with λ = 457 nm. The effective F# is therefore calculated as 0.54. A lens is placed right after the projector to
collimate the laser beam. A prism is attached onto the
waveguide with index-matching oil to act as the in-coupler. The incident angle of the laser beam is adjusted to
45 to ensure that each laser beam hits the exact same
location of the lenslet after each TIR. The TIR occurs in
the x direction in Figure 6B, which can duplicate the
image in that direction. But in the x direction, no such
process can dupliate the image. In principle, the image
should be duplicated in the x direction before reaching
the lens array, which can be achieved by using a fold
grating that simultaneously duplicates and bends the
light rays. However, considering the fabrication difficulty
of fold grating, we use the simple digital duplication,
which means the input of a line of identical images. The
trade-off is sacrificed resolution.
The image of a letter “A” is taken and shown in
Figure 7. The horizontal FOV is measured as 80 . The
theoretical calculation using an effective F# = 0.54 and
Equation 2 gives FOV = 86 , which is close to our measured result. The horizontal FOV exceeds the 60 theoretical limit in traditional waveguide displays. Because the
lens is square-shaped, the vertical FOV is the same as the
horizontal one, which produces a diagonal FOV of 100 ,

In experiment, we fabricated a CLC lens array with
8 × 15 lenslets. Each lenslet has a dimension of
2 × 2 mm, so the total eyebox size is about 16 × 30 mm,
which is adequately large for a comfortable viewing experience. Figure 5 shows the photo of the lens array. The
light from the background can pass the lens array and
form a clear see-through view, which satisfies the
requirement for AR displays. On the other hand, because
of the off-axis feature, each lenslet forms an image of the
ceiling light above.

F I G U R E 5 Photo of the cholesteric liquid crystal lens array.
The bright spot in each lenslet is the image of the ceiling light.
Scale bar: 1 cm
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F I G U R E 6 Pictures of the display
system. A, top view of the display experimental
setup. B, front view of the setup, showing the
two directions of image duplication

which is at the same level as the current virtual reality
(VR) headsets.
The image resolution is relatively low due to several
reasons. The first comes from the digital replication of
the image. The pico projector in the system has a resolution of 1920 by 720. But we have to replicate eight of the
same images in the vertical direction. So each image has
a full resolution about 90 by 90. The second reason is due
to the collimation of laser beams. Although the lens can
collimate the scanned laser rays in different time
sequences into one direction, for each single ray, the
divergence angle is actually increased. The divergence
angle of the laser ray is designed to be 4.5 mrad, which
promises a good depth of focus (DOF) of the projector.
But after the collimation lens, the DOF of the laser beams
is reduced to about 1 cm. So the laser beams hitting different portions of the lens array have different beam
widths, which significantly blurs the final image. This
issue can be solved by adjusting the Gaussian beam

divergence angle of the laser source before it hits the
microelectromechanical systems (MEMS), which, unfortunately, is rather difficult for us because the integrated
photonics module is too delicate to adjust without
damaging it.
The third problem, which can be observed in
Figure 7, is the overlapped circle-shaped boundaries. This
is actually due to the laser rays hitting the boundary of
the camera pupil being diffracted. In theory, the despeckling method can be applied to reduce the coherence
of the laser beams to alleviate this issue.

3.3 | Depth generation
In previous display systems, the out-coupled light rays for
each pixel are parallel, which indicates that the image is
located at infinity. In order to imitate the real object to
obtain a more natural and comfortable viewing experience, finite depth should be supported. This can be
achieved by changing the input angle, as shown in
Figure 8. The red rays with propagating angle θ0 indicate
the case with infinite depth, with the rays hitting the
same position of the lenslet after each TIR. If the input
angle of the rays is changed so that the propagating angle
becomes θ1 (blue rays), then the rays will hit different
positions of the lenslets, resulting in the diverged output
rays. The depth of image plane can be calculated as
F=

F I G U R E 7 Photo of the see-through view with the display
system presenting a letter “A.” The horizontal field of view is
measured as 80

P
cos2 θ0 ,
Δθ

ð3Þ

where P is the pitch of the lenslet and Δθ = θ1 − θ0.
The system implementation involves another degree
of freedom (DOF) besides two DOFs for displaying 2D
images. This can be achieved with various approaches.
As shown in Figure 9A, for the laser scanning method,
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F I G U R E 8 Schematics of the finite
depth generation method. CLC, cholesteric
liquid crystal

F I G U R E 9 Approaches to
generate collimated 2D pattern with
adjustable angle. A, laser beam
scanning type. B, LED array combined
with LCOS. LCOS, liquid crystal on
silicon; MEMS, microelectromechanical
systems

after the laser source passing the 2D scanning mirror
(MEMS1), a lens L1 is used to refocus the laser rays onto
another 1D scanning mirror (MEMS2). Then, the laser
rays are collimated by another lens L2. This way, the
laser rays are distributed into a 2D parallel pattern with
adjustable direction. Another approach using LED and
liquid crystal on silicon (LCOS) is plotted in Figure 9B.
Each LED in the array can produce different angles after
collimation lens L3. Each light intensity is modulated by
the LCOS. Because the light from LED is incoherent, the
speckling issue can be well suppressed. However, to
avoid the chromatic aberration issue, a narrow spectral
bandwidth is preferred.

4 | C ON C L U S I ON
We propose a new display system involving waveguide
architecture and reflective lens array that has no theoretical limit on FOV. To prove the concept, a lens array was
fabricated with CLC and polarization holography system.
The display system was built and analyzed. We also discussed further improvement of the system in terms of
imaging performance and 3D scene generation. This
work would provide useful guidelines for designing wide
FOV AR displays.
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