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Pupil expansion using waveguide propagation and pupil replication has been a popular method of developing
head-up displays and near-to-eye displays. This paper examines one of the limits of pupil replication, which
involves projecting images at a finite distance through a single waveguide by holographic optical elements and
seeing the image doubling artifact. A Zemax model and a demonstrator were developed to determine the cause of
image doubling. A relationship between the designed outcoupled image distance of a waveguide, pupil size, optical
path length, and angle of image doubling is established. In waveguide pupil replication, the internally propagating
light should be close to collimated to mitigate image doubling. We also provide a solution to project the image at
different distances, which is an important factor for some applications, such as automotive head-up display and
the seamless integration of augmented reality information with the natural environment. © 2021 Optical Society of

America

https://doi.org/10.1364/AO.417756

1. INTRODUCTION

Head-up displays (HUDs) and near-to-eye displays (NEDs)
have become a popular area of research for mixed reality (MR)
and augmented reality (AR) systems. This category of displays
allows for the display of virtual information on top of the natural
world [1]. Benefits can include improved situational awareness
or more diverse applications, which can include social media,
learning and teaching methods, and gaming [2]. They offer the
ability to improve productivity by displaying relevant infor-
mation on the task at hand and offer an improved bridge for
human-computer interaction.

Research has been conducted to reduce the form factor of
these systems where one such solution is waveguide pupil repli-
cation. Eyebox expansion by pupil replication has become an
important advancement, which can also reduce the footprint
of HUD and NED systems while increasing the field of view
(FOV). This is particularly advantageous in NED systems
where a small form factor is crucial and generally results in a
small exit pupil in traditional systems [3,4].

The eyebox is defined as the three-dimensional volume over
which a user can move their eyes and see the entire projected
image. FOV is defined as the angular size a projected image
encompasses of a user’s visual system. The footprint of the sys-
tem can include the waveguide coupling optics and the projector
system. The exit pupil of a typical NED should be at least 15 mm
in diameter to allow for the waveguide to shift while in use and
allow for the user to be undisturbed by the movement as the
image is still present as well as to compensate for the differences

in interpupillary distance among the human population [5].
Pupil replication can expand the small exit pupil produced by
a light engine to fill the required exit pupil size. The concept of
pupil duplication using a waveguide extracting recirculated light
multiple times while increasing the pupil can be seen in Fig. 1.
This can be applied to both the vertical and horizontal directions
for a two-dimensional (2D) pupil expansion. In order for the
extracted light to have a uniform brightness, the extraction effi-
ciency should vary along the number of extractions [2]. To avoid
aberration in the final image, stringent tolerances are imposed
on surface defects on the waveguide since these surface errors
are being compiled by the multiple interactions through total
internal reflection (TIR) [6].

Among the different types of combiner elements for AR and
MR applications, one can find a beam splitter, dichroic mirror,
or hologram to mix the virtual and real environment. Typically,
the beam splitter and dichroic mirror act as a simple reflector
that puts the last optical element further from the viewer, which
limits the FOV. The use of freeform optics as well as holographic
optical elements allows the combiner to act as the last lens of the
system, which, with every other aspect being kept equal, permits
a larger FOV. However, in all these systems, the FOV and eyebox
product are proportional to the finite space-bandwidth product,
which implies that as when one increases the other decreases
[7]. When using a waveguide to propagate the image, the light
recycling inside the waveguide and the pupil replication allows
us to decouple the FOV and eyebox since now the eyebox can be
as large as a windshield.
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Fig. 1. Concept of 1D pupil replication where light is recirculated
within the waveguide to be extracted more than once to increase the
area the image can be seen.

In- and outcoupling of the light in the waveguide can be done
with prisms and mirrors, but using holograms guarantees for
a lighter system with a smaller form factor while being angular
and wavelength selective to produce the desired wavefront [8,9].
Volume holograms can potentially have near 100% diffraction
efficiency in its +1 order, reducing stray light and increasing
optical efficiency [10].

A holographic waveguide system consists of an insertion
hologram and an extraction hologram. The insertion hologram
couples image bearing light into a planar waveguide. This light
propagates through the waveguide until it interacts with the
extraction hologram. The diffraction efficiency of the extraction
hologram should vary along the propagation path of the light, so
the same amount of light is directed toward the viewer regard-
less of its position in the entire extraction region. The varying
diffraction efficiency preserves the image brightness across the
eyebox.

For 2D pupil expansion, a redirection hologram is located
between the injection and the extraction hologram. The pur-
pose of the redirection hologram is to expand the pupil in one
dimension (1D) while keeping the light inside the waveguide
by redirection at 90 deg. In this case, the light that was initially
traveling across the width of the waveguide is now traveling
along its length, and the extraction hologram expands the pupil
in the other dimension.

For a true immersion experience, the psychological and
physiological visual cues must be satisfied [11]. A display should
produce the physiological cues such as accommodation, ver-
gence, motion parallax, and occlusion. This involves presenting
a virtual projected image into the user’s FOV to simulate an
object at a certain distance from the user’s perspective. If these
are not satisfied, it can lead to the accommodation-vergence
conflict resulting in the user being disoriented while using the
display [12,13]. A method would be to display holograms to the
users that satisfy all visual cues [12,14]. Other methods could
be to use a mechanically shifting object plane or a pupil relayed
deformable mirror to temporally multiplex image planes [15].
However, when the focal distance of the image, or the hologram,
that is injected into the waveguide changes, artifacts such as
image replication appear. In this paper, we examine this artifact
according to the image distance using both a Zemax ray tracing
model and a lab demonstrator. We propose a solution where

the image can be projected at discrete locations, allowing us to
restore both vergence and accommodation cues.

2. OPTICAL SYSTEM

The optical system we are investigating is schematically rep-
resented in Fig. 1. Waveguide pupil replication is achieved
using holograms laminated to a flat glass waveguide. An edge
lit hologram diffracts light at an angle such that it satisfies the
TIR condition. The insertion hologram receives incident image
bearing light and couples the image by redirecting it to propa-
gate internally in the waveguide. The mean angle of propagation
takes the halfway point between the critical angle for TIR
and when the angle is so extreme that it misses the extraction
hologram. The extraction hologram outcouples light from the
waveguide and directs it toward the user. The extraction holo-
gram has segmented diffraction efficiency to extract a percentage
of the light as the light propagates through the waveguide. This
allows for a uniform brightness of the image as the user moves
across the expanded pupil.

A waveguide has its insertion and extraction holograms
designed to couple the image at a certain prescribed image
distance. The injection hologram collimates the rays enter-
ing the waveguide such that the image does not suffer any
(de)magnification when propagating inside the waveguide. If
not so, each extraction generates an image of a different size
that produces an artifact. The extraction hologram, in addition
to extracting the light from the waveguide, defines the image
distance of the waveguide by the focal length of the hologram.
In the case of a simple grating, the image is located at infinity. To
locate the image at a different distance, the extraction hologram
should be given some negative optical power.

As the image distance deviates from the prescribed dis-
tance, image doubling is observed across the expanded eyebox.
The angles between the doubled images were measured at the
deviated distances in a Zemax ray tracing simulation and a
demonstrator of a holographic waveguide display with pupil
replication.

3. COMPUTER SIMULATION

The optical ray tracing program Zemax was used to model
the holographic waveguide display in non-sequential mode.
A 19 mm thick N-BK7 waveguide was modeled with three
hologram segments: a square 50 mm× 50 mm insertion holo-
gram and two extraction holograms. The extraction hologram
consisted of two segments identical to the insertion hologram
dimensions making a total size of 100 mm× 50 mm for a 2×
pupil expansion. The insertion and extraction holograms were
designed to propagate collimated incident light throughout
the system and were modeled with Zemax’s hologram lens
feature. A zero diopter waveguide and a two diopter waveguide
were developed with the optical parameters for the holograms
listed in Table 1, which extract the image to project it at infinity
and 500 mm from the extraction hologram, respectively. The
recording geometry is given for the reference and object beams
along with the recording wavelength, index of refraction, and
diffraction efficiency of the holograms.
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Fig. 2. Zemax layout of the pupil replicating waveguide designed
for imaging at infinity. Dark blue is the waveguide, dark yellow is the
insertion hologram, cyan is the first extraction hologram segment, and
magenta is the second extraction hologram segment. The rays are color
coded green for the upper portion of the insertion hologram pupil,
yellow for the center, and red for the bottom. The rays from a single
point enter the insertion hologram and produce virtual points that
change in the projected distance.

Point source objects were input into the system at different
distances and an imaging system was set up after the extraction
hologram to find the virtual image distance as well as the angle
of image doubling. The imaging system consisted of a 100 mm
paraxial lens and a translatable detector plane to find the best
focus at which the distance between the doubled images could
be measured. The distance between the doubled images and the
image distance from the paraxial lens to the detector were used
to calculate the angle between the doubled images.

A waveguide designed to incouple and outcouple collimated
light designed in Zemax is shown in Fig. 2. A point source
object is located 250 mm in front of the insertion hologram.
The extraction holograms outcouple the light, which produce
a virtual object located 250 mm plus the internal propagation
path length through the waveguide. Rays have been back traced
to show the virtual image that each extraction hologram seg-
ment creates. Figure 3 shows the two virtual images created for
an on-axis point source 250 mm from the insertion hologram.
The rays differ for each image from the pupil expansion, which
can both be viewed as a doubled image if the imaging system
is within the indicated region of the doubled image or receives
light from both extractions. The doubled image differs by an
angle and projected image distance.

The projected images are shown in Fig. 4 with the object dis-
tances both matching and straying from the designed waveguide
parameter. A paraxial lens collimates the 10 mm× 10 mm
object to project it at infinity. A second paraxial lens is used
to induce 0.323 D of optical power to project the object at a
different distance. With the image at infinity, there is no image
doubling while the image at 3.4 m causes an image doubling of
0.86◦ seen as the horizontal direction.

The image doubling occurs immediately after the extraction
of the image, and it is most visible at the location where the
image is extracted by a different segment, or when a different
portion of the image is extracted by the same location of the
hologram. Every ray that enters the insertion hologram has its
angle preserved as it propagates through the waveguide, and the

Fig. 3. Zemax layout of the pupil replicating waveguide designed
for imaging at infinity. The object is at 250 mm producing two virtual
images from pupil replication. The virtual images form a region of
overlap where an imaging system can view both images simultaneously
resulting in angularly separated image doubling.

Fig. 4. The detector in a Zemax ray trace is shown here. (a) The
projected image matches the designed waveguide parameter and is free
from artifacts. (b) There is a mismatch between the projected image
distance and the waveguide parameter causing 0.86◦ of difference
between the doubled image.

replicated rays are extracted parallel to each other. An undis-
rupted image can be seen if the entire FOV of the image is only
within a single extraction hologram segment. As the detector
is swept across the eyebox, image doubling will be seen until
the next single extraction hologram segment projects the entire
FOV.

The Zemax model was altered to have a designed input and
output, which allows for a virtual image to be displayed at a
distance closer than infinity. In Fig. 5, a layout is shown of a
system, which is designed for an object and image at 500 mm
distance. A waveguide designed for a certain distance implies
that the internal propagating beam within the waveguide is near
collimated, but the extraction hologram acts as a negative lens.
This results in no image doubling between replicated pupils as
both replication segments produce an image at the same loca-
tion seen in Fig. 6(a). However, when the image is projected at
another distance than the prescribed 500 mm, image doubling
is present as seen in Fig. 6(b). This difference in projected image
depth from 500 mm to 600 mm caused 1.0◦ of image doubling.
The object size was 40 mm x 40 mm for Figs. 6(a) and 6(b), and
to preserve the virtual image size, a paraxial lens was used before
the insertion hologram to add 0.33 D of optical power to project
the object at a different distance.
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Table 1. Hologram Parameters for the Waveguide Display Systems Modeled in Zemax’s Non-sequential Mode

Hologram Parameters

Waveguide 0 Diopter 2 Diopter

Hologram Insert First Ext Second Ext Insert First Ext Second Ext

Type Trans Reflect Reflect Trans Reflect Reflect

X ref (mm) 0 0 0 0 0 0
Yref (mm) −1.35E8 0 0 −1.35E8 0 0
Zref (mm) 1E8 1E8 1E8 1E8 740.75 740.75
X obj (mm) 0 0 0 0 0 0
Yobj (mm) 0 −1.35E8 −1.35E8 0 −1.35E8 −1.35E8
Zobj (mm) 1E8 −1E8 −1E8 759.75 −1E8 −1E8
λrec/n(µm) 0.35 0.35 0.35 0.35 0.35 0.35
n 1.5 1.5 1.5 1.5 1.5 1.5
Efficiency % 100 50 100 100 50 100

Fig. 5. Layout of a Zemax model of a waveguide designed to incou-
ple light at an object distance of 500 mm and project it virtually at
500 mm. Back tracing the rays shows that the eyebox creates a single
virtual image point.

Fig. 6. (a) The projected image is matching the designed waveguide
parameter and has no artifacts. (b) The projected image does not match
the waveguide parameter and has 1.0◦ of difference between the dou-
bled image.

4. PROOF OF CONCEPT DEMONSTRATOR

Three holograms were recorded on a 19 mm thick glass
waveguide using a 16 µm Covestro Bayfol photopoly-
mer. The insertion hologram is a square with dimensions
of 50 mm× 50 mm. The extraction hologram total size is
50 mm× 100 mm. There is no spacing between the hologram
segments. A grating period of 0.298 um is recorded into 16 µm
thick photopolymer material to achieve an edge lit hologram
using a frequency doubled YAG coherent laser at 532 nm.

The insertion hologram was recorded using a coupling prism
for the collimated object beam and a collimated normally inci-
dent beam as the reference beam. The angle of the object beam
was set at 53.5◦, which is the median angle between the TIR
angle and the angle at which internally propagating light would

Fig. 7. Demonstrator showing three segments of coupling holo-
grams named the insertion and first and second extraction holograms.
Each hologram is laminated to an N-BK7 waveguide.

miss the extraction holograms. To achieve this recording angle, a
coupling prism was index matched to the waveguide during the
recording process of the insertion hologram.

The extraction hologram consisted of two segments, which
expanded the pupil in 1D by 2×. The extraction holograms
were recorded using a collimated single large beam, which
served as the object beam. The reference beam was formed
from the resulting collimated diffracted light from the insertion
hologram. The layout of the holograms on the waveguide can be
seen in Fig. 7.

5. RESULTS

The image doubling was captured in Zemax by varying the
object distance and recording the pixel shift between the two
objects created. The image doubling was captured in the
demonstrator by moving the object plane of the projector to
produce virtually projected images at different distances. The
angular differences in the images were measured against the
virtually projected image distance using the imaging equa-
tion, which relates object distance, image distance, and focal
length. The object used was a 1951 Air Force Resolution Target
(ARFT). Figure 8 shows similar amounts of image doubling
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Fig. 8. Left image (a) is contrast enhanced and shows image dou-
bling of an Air Force Resolution Target in the demonstrator captured
with a digital single lens reflex camera while the right image (b) shows
image doubling of a simulated Air Force Resolution Target in the
Zemax ray tracing model.

resulting from the demonstrator and the simulation of group 3
of the AFRT.

An angle was calculated from the difference in the doubled
image to find a relationship between the object distance and
the image doubling denoted α. This led to a theoretical equa-
tion describing the relationship seen in Eq. (1). Equation (2)
describes the effective size of the pupil from pupil replication,

α = 2arctan

(
pupil

−2zi

)
, (1)

pupil= L(N − 1), (2)

where zi is the virtually projected image distance in millimeters,
which is negatively signed in accordance to the sign convention
of a Cartesian coordinate system. L is the insertion hologram
size in millimeters in 1D multiplied by the number of extraction
hologram segments N where the term N is rounded up to the
nearest integer.

The user’s eye accommodation is the variable φ, which is
in units of diopters to see the object at the projected distance
as shown in Eq. (3). The eye accommodation is defined as
the inverse of the negative image distance with a conversion
factor from inverse millimeter to diopter. A linear correlation
was realized when using the user’s eye accommodation as the
independent variable instead of the virtual image distance,

α = 2arctan

(
pupil

2

φ

1000

)
. (3)

The angle found in the demonstrator and the Zemax sim-
ulation is compared to the theoretical equation in Fig. 9. The
parameters are that the pupil is 50 mm and the image distance
range was from−3.4 m to−∞. It is seen that as the image dis-
tance approaches infinity, the image doubling approaches zero.
The point where the image is at infinity and the image doubling
is 0 was intentionally left out to be able to see the trend at lesser
image distances.

It is seen that upon analysis of a waveguide, which was
designed to produce a virtual image other than at infinity, the
optical path length from the extraction pupil becomes a factor in

Fig. 9. Plot showing the angle between the doubled images due to
adjusting the object distance to produce a virtually projected image at
assorted distances.

the image doubling as well as the designed image distance of the
waveguide display. This relationship is shown in Eq. (4),

α = 2arctan

[(
1

zw
+

1

zi

)
pupil

2

(
1−

t
zw

)]
. (4)

The variable zw is the designed projected distance of the
waveguide and extraction holograms in millimeters. It is neg-
ative as it is a virtually projected distance. The variable t is the
optical path length from the extraction hologram to the user’s
pupil in millimeters.

Equation (4) can be rearranged to find the depth range that
can propagate through a waveguide by setting the angle of image
doubling to 1 arc min. At this angle, any image doubling would
be unnoticeable to the user as this is the limit of the visual acuity
of a standard human observer [16].

A waveguide display used to outcouple a virtual image at
0.5 m was simulated in Zemax. The image doubling as a func-
tion of image distance was observed by varying the object
distance from the waveguide insertion hologram and viewing
the produced image after the extraction holograms. This was
plotted against the relationship shown in Eq. (5) in Fig. 10.
To demonstrate this effect in the lab, we simply placed a 0.5 m
negative lens after the extraction hologram. The parameters
considered were a pupil of 50 mm, an optical path length of
28.9 mm, zw of -500 mm, and a zi range from −433 mm to
−∞ mm. The data point at infinity is not shown in the plot.

6. DISCUSSION

The root of the image doubling artifact comes from the fact that
the different rays originating from a single point of the image
are not propagating collimated inside the waveguide. During
the extraction, the rays extracted first are forming a different
image from the image formed from the replicated rays extracted
later on during the pupil expansion process. The cause of the
image doubling when the image is projected at a distance dif-
ferent from which the waveguide is intended for can be seen in
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Fig. 10. Plot showing the angle between the doubled images due to
adjusting the object distance to produce a virtually projected image at
assorted distances for a waveguide display designed to project an image
at 0.5 m.

Fig. 3. Each replicated pupil creates its own image of the original
object. If the object is a centered point source, each replicated
pupil will create a centered point source relative to each repli-
cated pupil. When viewing the extracted image, a pair of point
sources can be seen separated by an angle based on the position
of these point sources relative to each other.

Each segment of the extraction hologram produces its own
virtual object. If the detection system is placed directly behind
one of the segments of the extraction holograms, a single point
is seen from the object. If the detection system is placed between
the segments of the extraction holograms, light rays enter the
detection system from both segments and are viewed as two
offset points in the direction of pupil replication. The angular
difference between these points is causing image doubling.

Equation (4) can be rearranged to find the range of depth that
can be put into a waveguide by solving for the variable zi and
setting the angle between the doubled images to 1 arc min to be
unnoticeable to the user based on visual acuity. The difference
between the image distances for positive and negative values of
1 arc min can be used to find the depth range, and this can be
approximated by Eq. (5),

1z≈ 2


[(

1

zw
−

2

pupil

)
∗

tan( α2 )

1− t
zw

]−1

− zw

 . (5)

The depth range relationship can be used to find the depth
of field in which a waveguide display can transmit without
inducing noticeable image doubling across the expanded eyebox
by pupil replication. Figure 11 shows the depth range in which
a waveguide can transmit according to its extraction hologram’s
focal length. As the extraction hologram’s focal length decreases,
the depth range decreases. As the pupil size is decreased, a larger
depth range can be transmitted before noticeable image dou-
bling occurs. A shorter optical path length from the extraction
holograms to the user’s entrance pupil will also increase the
depth range.

Fig. 11. Log scaled plot showing the image depth range that can be
transmitted by a waveguide display with pupil replication according to
the designed image distance of the waveguide display. The difference
between effective pupil sizes is shown. These are related to the depth
perception of the standard observer based on binocular disparity.

As can be seen from Fig. 11, the depth range is extremely
limited: 1/100 of the projected distance for a 50 mm pupil
and 1/50 for a 25 mm pupil. These ranges can be compared to
the standard observer’s depth perception based on binocular
disparity. According to [17], the angular acuity of a person is
20 arc sec for normal vision. The approximation for angular
disparity based on geometry given by [18] can be rearranged
to solve for the depth between two objects shown in Eq. (6).
The relation between viewing distance and depth range for the
standard observer is plotted against the depth range of an artifact
minimized pupil replicating waveguide system. The variables
are defined as follows:1d is the depth range, D is the image dis-
tance, I is the interpupillary distance, and δ is the angular acuity.
It can be seen that the standard observer may be able to view
depth information from a single pupil replicating waveguide,

1d ≈
D2δ

I − Dδ
. (6)

A possible way to overcome the limitation of depth range
within a single waveguide display is to use multiple waveguides
in a multi-focal configuration. A Zemax simulation was con-
structed with two waveguides, one designed for projecting the
image at−2.1 m, and the other projecting the image at infinity.
For this model, the insertion holograms between waveguides
were spatially separated to avoid cross talk while the extraction
holograms were overlaid for the images to appear to be in the
same FOV. Since the insertion holograms are spatially separated,
multiple light engines are required to produce each depth plane.
Alternatively, a single light engine can be used with different
sections of the image injected by the different input holograms.
The output images are shown in Fig. 12 over a 2× expanded
pupil. Notice there is no image doubling with two distinct
projected image distances. Using this waveguide multiplexing
technique, multiple images can be projected at different dis-
tances respecting both the accommodation and the vergence
optical cues for the viewer. Considering the waveguide used in
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Fig. 12. Zemax simulated images with two depth sceneries overlaid
on another. Left, University of Arizona symbol imaged at 2.1 m; right,
College of Optical Sciences logo imaged at infinity.

HUD and AR glasses can be as thin as a fraction of a millimeter,
this technique does not make the combiner too bulky or heavy.
For a sufficiently large depth of field from 0.33 m to infinity, six
waveguides can be used [19].

For the sake of this example, we have chosen a set of parame-
ters for the waveguide where the image doubling phenomenon
is quite distinct and can be clearly visualized. However, it has to
be kept in mind that for other parameters such as injection angle
and waveguide thickness, the image doubling phenomena can
be more acute and visually complex.

7. CONCLUSION

Image doubling is observed in pupil replicating holographic
waveguide displays when the internal propagation within the
waveguide is not collimated. The limit of image splitting is set
by the user’s ability to detect an angular difference, which is set
by the human visual acuity. We showed that this tolerance is
extremely small, and the image depth range can only be a small
fraction of the projection distance (1/50). Propagation of larger
depth ranges will result in image doubling across an expanded
pupil.

The depth range that can propagate through a pupil replicat-
ing waveguide is limited by the designed waveguide projected
image, the pupil size, the optical path length from the extrac-
tion hologram to the user’s detection system, and the tolerable
angular displacement between doubled images.

To have a MR experience, multiple waveguides, where each is
for a different image depth, should be used if pupil replication is
desired.
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