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A method of head-up display is presented that uses an in-line surface relief grating attached to a waveguide propa-
gation head-up display to achieve a large field of view without the need for large-projection optics. Horizontal
pupil expansion is achieved using an extraction hologram that is multiple times the size of the injection hologram
and is recorded with modulated diffraction efficiency. Vertical pupil expansion is achieved by coupling the surface
relief grating to the waveguide surface between the injection and extraction holograms. The grating replicates the
beam along the propagation direction, which allows for a larger field of view at the extraction. Using this tech-
nique, both a Zemax OpticStudio computer model and a physical system demonstrator achieve a field of view of

16° x 14.25°. ©2019 Optical Society of America

https://doi.org/10.1364/A0.58.00G326

1. INTRODUCTION

Head-up display (HUD) is a technology that shows instrument
readings for operation of a vehicle in such a way that the readings
can be seen without operators taking their focus away from
the surrounding environment. The information is typically
projected onto a windscreen or visor, where it is overlaid onto
the vehicle’s surroundings. This means that a vehicle using an
HUD system can display relevant safety, status, and control
information, so that these data are visible as the user looks at the
vehicle’s operating environment. Displaying information in this
way offers a number of advantages over traditional head-down
displays (HDDs), including shorter eye accommodation times
and increased eyes-forward time, both of which translate to
enhanced situational awareness and faster reaction time by users
[1-5].

Figure 1 shows the traditional HUD layout, where an image
is projected through a collection of optics to a transparent,
partially reflective combiner. From the combiner, the image is
reflected back to the vehicle operator, where it appears that the
image is located at optical infinity and overlaid on the external
scene [6-13]. In this way, relevant control information is pre-
sented to the vehicle’s operator at the same viewing distance and
in the same space as the vehicle’s surroundings.

Despite the advantages that HUD offers to vehicle operators,
it has yet to be widely implemented in automotive applica-
tions. This is due, in part, to the limitations of the traditional
projection system, chief among which is the small field of view
(FOV) of the projected image [14—16]. In traditional projection
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geometry, the size of the relay optics needs to be increased to
project a larger image. Unfortunately, increasing the size of the
relay optics, and thus the packaged volume, quickly becomes
unfeasible for many vehicular applications, where space is at a
premium. Additionally, the traditional projection system suffers
from a small eyebox, which is the area within which the observer
can move his/her head and still observe an unvignetted image.
Researchers have begun to explore the use of diffractive optics
and holographic optical elements (HOEs) applied to planar
waveguides as a means to achieve image magnification and pupil
expansion for HUDs [17-23]. In these systems, incident light
is coupled into a waveguide and diffracted beyond the critical
angle by an HOE. This diffracted light propagates along the
length of the waveguide due to total internal reflection (TIR)
until it interacts with other HOEs, which modify the beam
profile or diffract it to another propagation direction. In a pre-
vious research effort, two-dimensional (2D) pupil expansion
was demonstrated using an “L-shaped” hologram configuration
[23]. Figure 2 shows this L-shaped design: light from a source
image is diffracted to propagate down the length of the planar
waveguide by an “injection” HOE. Light incident upon the
“redirection” HOE is partially diffracted by the hologram.
Diffracted light is steered laterally along the length of the waveg-
uide, while undiffracted light continues to propagate down
the length of the waveguide, where it again interacts with the
“redirection” hologram. Upon this subsequent interaction,
another copy of the beam is steered laterally along the length of
the waveguide. This expanded vertical pupil means that a larger
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Fig. 1.

In a traditional HUD, light from the source is encoded with the desired image before it passes through a collection of relay optics that cause

the image to be located at optical infinity. The light is then projected onto a partially reflective, transparent combiner so that the image is reflected
to the observer while still allowing him/her to see outside the vehicle. An orthogonal view of the imaging device, the image plane, and the perceived
image are shown to demonstrate how an image propagates through the system.
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Fig.2. Lightfrom an outside source is projected through the waveg-
uide HOE system to present an image to the observer over an expanded
eyebox. Successive HOEs increase the exit pupil size, first vertically,
then horizontally.

exit pupil is presented to the observer, which in turn allows the
observer to see the unvignetted image farther from the waveg-
uide surface. At viewing distances where an unexpanded exit
pupil would present a clipped image to the observer, this sys-
tem’s expanded exit pupil increases the observer’s experienced
FOV. The diffraction efficiency (DE) of the redirection HOE is
controlled to achieve uniform intensity across the entire beam
profile as it propagates to the “extraction” [22]. The extraction
HOE expands the eyebox horizontally using the same modu-
lated DE technique and diffracts the light perpendicular to the
waveguide surface, where it is visible to the observer.

The disadvantage of the L-shaped configuration shown in
Fig. 2 is the spectral and angular selectivity of the redirection
hologram, which limits the spectral bandwidth and range of

angles that can propagate through the entire system [23]. This
selectivity may be useful for a system with monochromatic light
and a narrow angular bandwidth, but wide-angle, white-light
projectors are limited in what they can achieve with this design.
Misalignment of the wavelength or incidence angle on the redi-
rection hologram will reduce the intensity of diffracted light and
steer the diffraction angle away from the lateral propagation nec-
essary for the image to propagate to the extraction. This spectral
and angular bandwidth is determined by the material properties
of the redirection hologram and the hologram recording geom-
etry. It can be overcome by multiplexing different gratings into
the redirection hologram, but a different method can eliminate
the need for such a heavily multiplexed hologram.

In this paper, a system is presented where a small injection
hologram diffracts the incident light horizontally along the
length of the waveguide to the extraction hologram. A surface
relief grating (SRG) affixed to the waveguide surface along
the propagation path causes vertical beam spreading, which
yields an expanded FOV at the extraction. The SRG diffracts
all visible wavelengths over a wide range of angles, avoiding
the angular and spectral selectivity issues encountered with the
L-shaped system. It also allows for a more compact system than
the L-shaped design, which is helpful for space-constrained
applications. A Zemax OpticStudio ray-tracing model was
developed to demonstrate this design. Additionally, a physical
system was built to support the concept. Both the model and the
demonstrator achieved a FOV 0f 16° x 14.25°. Using the SRG,
the vertical FOV was expanded from 1.25° to 14.25°.

The properties of the SRG allow it to perform its function of
diffracting light over a wide angular and spectral bandwidth.
The Thorlabs Reflective Holographic Grating with 1200
grooves/mm (50 mm x 50 mm) has an average DE of at least
30% from 250-1550 nm, which is more than enough to diffract
all wavelengths from the pico-projector source. Additionally, the
SRG is a thin grating and will diffract light from a wide range of
incidence angles. This full-color, wide-angle diffraction is nec-
essary to propagate an extended, white-light image through the
system to the observer, which is something that was not possible
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with the redirection hologram used in the L-shaped geom-
etry. The current system design uses injection and extraction
holograms that are sensitive only to 532 nm light, but future
designs will seek to achieve a full-color display, using three-color
multiplexed holograms.

2. METHODS

In this new in-line configuration, the incident, collimated light
is diffracted along the length of the waveguide by the injection
hologram. While light is reflecting within the waveguide due
to TIR, interactions with the SRG expand the physical extent
of the propagating beam. The extraction hologram diffracts
the light perpendicular to the waveguide surface so that the
projected image is visible to the user.

The internal propagation angle of the small injection holo-
gram is chosen such that normally incident light is diffracted
at the angle bisector of the critical angle and a maximum angle
determined by the dimensions of the waveguide and the injec-
tion hologram. This angle is defined such that the left-most
edge of the image that has reflected once within the waveguide
is incident at the right edge of the injection hologram and is
calculated according to

Opmax = tan ! <wT/2> , (1)

with w the width of the injection hologram and # the thickness
of the waveguide. Light diffracted beyond this maximum angle
will lead to a discontinuous image where a stitching gap is visible
between the different extraction regions. Figure 3 shows these
angles.

The SRG diffracts the internally propagating light into +1,
—1, and zero diffraction orders, which reflect within the waveg-
uide due to TIR before they again interact with the SRG. At
the second interaction, light that remained in the zero order is
diffracted into its own +1, —1, and zero orders. Light in the
=£1 orders is either diffracted by the SRG back to the zero order
propagation direction or continues in the direction of the first
diffraction. It is the light that went from the +1 orders back
into the zero order that expands the pupil vertically. Continued
interaction with the SRG replicates the beams traveling in the
+1, —1, and zero orders several times, much like a branching
tree, which allows for a continuous expansion of the pupil.
Figure 4 shows this branching pattern. Only light in the zero
order diffraction direction is diffracted by the extraction holo-
gram toward the observer. Light propagating in the =1 order
diffraction directions is not outcoupled from the waveguide by
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Fig. 3. Propagation angle is chosen to bisect the critical angle and

the angle defined by Eq. (1).
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Fig.4. Cross-sectional splitting of incident light by SRG. After the
first interaction with the grating, light is diffracted into +1, —1, and
zero diffraction orders. Light in the zero order is again splitinto the +1,
—1, and zero orders, while light diffracted into the &1 orders is not
diffracted or diffracted back to the zero order direction.

the extraction hologram. In fact, the image carried by the £1
order diffraction directions is flipped vertically and contains
other aberrations. No information is lost by neglecting the £1
orders; this reduces only the intensity of the displayed image.

The extraction hologram was recorded to diffracta beam inci-
dent from inside the waveguide at the same angle determined by
Eq. (1) to the hologram plane’s surface normal. The extraction
grating was also recorded with its DE modulated for low effi-
ciency on the side of the grating nearest the injection hologram
and the SRG and maximum efficiency on the far edge. This
modulated DE was for uniform intensity of the image when
viewed across the length of the extraction and was discussed in
a previous publication [22]. The multiple interactions across
the width of the extraction hologram causes horizontal pupil
expansion.

3. COMPUTER MODELING

Modeling this system in Zemax OpticStudio’s Non-Sequential
mode demonstrated the feasibility of the design discussed
in Section 2. The system was constructed with a design
wavelength of 532 nm (350 nm used in the hologram lens
recording parameters due to the wavelength reduction from
the refractive index of the glass). The waveguide used in
this model was a rectangular volume made of BK-7 glass
(215 mm x 305 mm x 3.175mm), while the injection
and extraction holograms were hologram lens elements
with dimensions of 12.7mm X 12.7 mm x 16 um and
63.5mm x 63.5mm X 16 um, respectively. From Eq. (1), the
maximum propagation angle for this design is 63.4°, and the
critical angle for 532 nm light propagating through BK-7 glass
is 41.8°. Thus, the injection hologram was designed to diffract
collimated, normally incident 532 nm light at 52.6° within the
waveguide. Because the light traveled within the waveguide at
52.6°, the extraction hologram was designed to diffract this light
perpendicular to the hologram surface, toward the observer. The
modulated DE of the grating was modeled by a series of eight
glass plates with reflectivity increasing according to
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2
where R; is the reflectivity of the 7th glass plate, N, is the total
number of segments (in this case, eight), and 2V, is the number of
the plate.

The SRG was modeled using the Lenslet Array 1 func-
tion in Zemax. The material was BK-7 glass, and dimensions
were 50 mm X 50 mm X 16 pm with a grating spacing of
1200 lines/mm. This grating spacing was chosen because it
gives a diffraction angle of 24.8°, which corresponds to a 46 mm
vertical extent of the replicated zero order when propagated
50 mm across the length of the SRG. At a viewing distance of
150 mm, this 46 mm zero order will offer a maximum vertical
FOV of 17.5° to the observer. The DE of the grating in the
Lenslet Array 1 function was set under the Diffraction tab of the
Object Properties menu so that 33% of the light was reflected
into each of the +1, — 1, and zero diffraction orders.

Waveguide

Injection Visible Region:

With SRG

Without SRG

Source

0 order
diffraction

Fig. 5.  Light incident from the source is diffracted at the design
angle by the injection hologram. Light incident on the SRG is split into
the +1, —1, and zero diffraction orders. Subsequent interactions with
the SRG continue diffraction into one of the three propagation direc-
tions. The variable DE extraction hologram diffracts the expanded
“zero order” toward the observer. The image inset provides an enlarged
view of the branching diffraction that is caused by the SRG. Without
the SRG, only a narrow portion of the image would be displayed.

0
FOV ()
Fig. 6.

0
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To simulate the projection system, a collimated source was
projected through an absorbing image filter. This collimated
source object was imaged by a paraxial lens to locate the image at
optical infinity. A 4 mm detector situated behind the extraction
allowed for analysis of the system output as might be seen by the
human eye. Figure 5 shows the completed OpticStudio design.

Light that remained in the +1 or —1 order diffraction
direction did not contribute to the final image visible in the
extraction. In this design, the light propagating in these direc-
tions remained within the waveguide before it was either
out-coupled or scattered at the waveguide edges. The amount of
light that is lost in these directions is determined by the DE and
size of the SRG, as higher efficiency gratings diffract more light
into the +1 and —1 orders, but subsequent interactions diffract
the light in those non-zero orders back to the initial propagation
direction. Figure 6 shows how the grating parameters of the SRG
were optimized in this ray-tracing model. It was found that 33%
diffraction into each of the +1, —1, and zero diffraction orders
created the most uniform intensity distribution while main-
taining image quality. At higher DE, image quality decreases,
and at lower DE, the zero order is drastically brighter than the
rest of the image. Similarly, the SRG was optimized so that, with
physical dimensions of 50 mm x 50 mm, the full image was
visible at the extraction.

4. PHYSICAL DEMONSTRATOR

A physical demonstrator of this design configuration was created
based on the parameters laid out in Section 3. The waveguide
had dimensions of 215 mm X 305 mm X 3.175 mm and was
made of a low-iron glass to decrease the absorption of light as
it propagated inside the medium. The injection and extrac-
tion holograms were recorded with the same dimensions as in
Section 3 using Bayfol HX200 photopolymer, a holographic
recording film that is sensitive across the visible spectrum. Bayfol

Radiance in
angle space

1E+1.00
1E+0.00
1E-1.00
1E-2.00
1E-3.00

1E-4.00

Radiance in
angle space

1E+1.00
1E+0.00
1E-1.00
1E-2.00
1E-3.00

1E-4.00

10.0 Z10.0

0
FOV ()

(Top) 5%, 50%, and 33% DE to %1 diffraction orders. 33% DE maintains image quality without sacrificing uniform intensity. (Bottom)

No SRG, 25 mm x 25 mm SRG, and 50 mm x 50 mm SRG. Increasing grating size allows for more of the projected image to be visible.
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HX200 is easy to apply and cures with ultra-violet (UV) expo-
sure. Additionally, the photopolymer is 16 pm thick, allowing
forawide angular bandwidth of injected light.

The injection hologram was recorded to diffract a beam
incident at the surface normal to 52.6°, and the extraction
was recorded to diffract a beam incident at 52.6° to the holo-
gram surface normal, just as in the computer model described
in Section 3. The SRG is a Thorlabs reflective holographic
grating (G50-12V) and was coupled to the waveguide using
index-matching oil. A 3M MP220 incoherent, white-light
mobile projector was set up so that the projector was flush with
the injection hologram and focused as far away as possible to
provide accommodation at infinity. In the demonstrator, the
extraction was adjacent to the SRG, which kept all relevant
optical components confined within a cube with side lengths of
200 mm. Figure 7 shows the demonstrator setup described here.

Figure 8 shows the physical demonstrator in operation with
a projected image overlaid on a background scene. Figure 8(a)
shows the scene visible when an observer focuses on the HUD
itself: both the projected image and the background scene are
out of focus. However, when the observer shifts his/her focus to
the far field [Fig. 8(b)], both the background and the projected
image come into focus. The FOV of this HUD demonstrator
is 16° x 14.25°, which agrees with the results predicted by the
computer model.

F

Waveguide —— SRG

Injection Hologram
located behind
Projector

HOLOGRAM PLANE

Fig. 7.  Physical demonstrator of in-line pupil expansion HUD
setup. Injection and extraction holograms are recorded in Bayfol
HX200, which is attached to the waveguide surface. The SRG is
coupled to the waveguide with index-matching fluid. The projector is
pushed flush to the waveguide surface, minimizing the footprint of the
system.

Fig. 8. Demonstrator shown in Fig. 7 is set up with an image pro-
jected in the background. When focusing on the waveguide plane, the
image is not clear. Only when focus changes to the far field does the
image become clear. Though the image visible in this scene is green,
changing the observer’s viewing position from left to right changes
the color of the displayed image from violet to red. (a) Focused at the
waveguide plane; (b) focused at optical infinity.
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The image visible in Fig. 8(b) demonstrates some blur, which
is visible both with and without the SRG attached and is thus
due to scattering from repeated interactions with the injection
and extraction holograms. Bayfol material has demonstrated
this property in previous research efforts [22], but its ease of use
continues to make it a valuable tool for exploratory holographic
research.

5. CONCLUSION

This paper presented an HUD display system that used HOEs
and an SRG affixed to a planar waveguide to achieve vertical
and horizontal pupil expansion with an in-line geometry. This
geometry has an advantage over the previously demonstrated
L-shaped 2D pupil expansion because the SRG demonstrated
33+ 5% DE into the £1 diffraction orders from 450 nm—
600 nm with unpolarized incident light [24] and an angular
bandwidth of 70° according to the grating equation [25]. Both
a Zemax OpticsStudio computer model and a physical demon-
strator of the system were created that achieved pupil expansion
and a FOV of 16° x 14.25°. The physical demonstrator could
be fit into a 200 mm cube by removing unused portions of the
waveguide, which demonstrates the compact nature of this
system.

A future research direction for this technology would be to
explore using different materials for the injection and extraction
holograms. Using a holographic material with low scattering,
such as dichromated gelatin (DCG), will improve the contrast
and resolution of the display system. While a thicker hologram
might reduce the acceptance angle, multiplexing several angles
into one hologram would expand the angular acceptance of the
injection and extraction gratings, supporting a larger system
FOV ora full-color display.

Another area of future research would focus on having a
fully holographic 3D HUD. As the injection and extraction
HOE:s and the SRG described in this research effort are static
optical elements that relay light from the dynamically updating
source to the observer, the image projector can be replaced
with a holographic projector, such as a diffractive spatial light
phase modulator (SLM), requiring only minor adjustments
of the HOEs. Using a diffractive SLM instead of an imaging
pico-projector would mean that the projected image would not
necessarily be located at infinity, so the beam propagating within
the waveguide would not be as well collimated. This might
require altering the injection hologram, either by multiplexing
it to accommodate different injection angles or by encoding it
with some optical power.

Beyond HUD applications, this technology could also be
applied to augmented reality glasses to achieve an expanded
FOV with a small form factor.
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