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Abstract: To reveal the fundamental characteristic of the volume holographic waveguide for a head-
mounted display (HMD), we analyzed the resolution of a virtual image. We built a mathematical
model considering the off-Bragg diffraction for each ray angle of the signal light ray. The display
resolution performance of the HMD depended on the thickness of the waveguide and the ray angle.
At the lowest-resolution ray angle, the input-point image was broadened more than 0.1° in a viewing
angle for a 1-mm-thick waveguide. Conversely, our previously proposed line-symmetric image-input
method, in which the input images were symmetrically arranged with respect to the center line,
improved the resolution performance and luminance uniformity. We observed that the spread of the
point image was suppressed to 0.01°, which was a sufficient resolution for a person with a visual
acuity of 0.8.

Keywords: augmented reality; head-mounted display; waveguide; volume hologram; off-Bragg
diffraction; resolution; luminance uniformity

1. Introduction

An era in which cyberspace and the real world are highly fused is about to begin. In
such a society (cyber—physical system, CPS), it is necessary to realize a series of cycles, such
as data sensing and the feedback of analytic results to the real world. Therefore, head-
mounted displays (HMDs) are indispensable for displaying information in cyberspace to
people [1-3]. For such applications, HMD optical systems require a wide field of view
(FOV), a wide eye-box for high robustness for a head-mounting position, and high op-
tical see-through. Waveguide technologies are being developed for such demands, and
waveguides incorporating surface-relief grating (SRG) are commercially available [3-9].
However, SRG waveguides present limitations in the enlarging of the FOV because the
grating exhibits a large dependence on the wavelength and ray angle [9]. Recently, meta-
surface technology, which is new type of diffractive element, has been widely researched
for AR applications [10-12]. However, the waveguide requires a wide ray angle for the
FOV, and an inexpensive manufacturing method for the required large-area metasurfaces
is still undergoing research. For such requirements, optical devices incorporating volume
holograms are also anticipated [13-19]. In volume holographic waveguides, the degrada-
tion of luminance uniformity is a significant issue in the enlargement of the FOV [20-27].
To solve this, external optics are placed between the waveguide and the eye’s pupil, but
these types of external optics inhibit the see-through function of HMDs [27,28].

In a previous report, we proposed a FOV-enlargement method using line-symmetric
image input in a single-layer volume holographic waveguide to overcome an FOV limit
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of approximately 40° [29]. In the volume waveguide, the luminance nonuniformity is
caused by a variation in the interaction volume of the signal light during holographic
diffraction. Using the proposed method, another signal light from the corresponding
line-symmetric point compensates for such variation. Our proposed FOV-enlargement
technique suppressed the dark lines on the virtual image and achieved an FOV twice as
wide (60° (H), 60° (V)), as that of a conventional SRG waveguide.

Another fundamental performance factor of HMDs, the display resolution, is cru-
cial, but our previous report did not discuss this. In particular, the volume hologram
exhibits off-Bragg diffraction, which is a diffraction in an unintended direction that af-
fects the display-resolution performance of the waveguide. In fact, incorporating the
finite hologram dimension, the hologram grating produces non-Bragg-matched diffraction
waves, referred to as off-Bragg diffraction [14,30,31]. Here, we carefully incorporated the
off-Bragg diffraction process into the previous mathematical model so as to analyze the
display-resolution performance of the volume holographic waveguides.

Through our numerical investigation, we identified that volume holographic waveg-
uides present a technical problem in the display resolution. The estimated resolution
strongly depended on the viewing angle of the virtual image, and its variation correlated
with the luminance nonuniformity because the off-Bragg diffraction also depended on
the interaction length of the signal light. Thus, the proposed line-symmetric image-input
method also solved the display-resolution problem. The simulated results showed that the
proposed method improved the display resolution by a factor of 10, and its resolution was
sufficiently small enough for a person with a visual acuity of 0.8.

2. Mathematical Model of Off-Bragg Diffraction in the Waveguide

An HMD optical system with a volume holographic waveguide is schematically
depicted in Figure 1. Typically, the waveguide element exhibits a thin-plane parallel-plate
shape. The signal light for the virtual image was sourced by an external light engine, such
as a projection lens with a microdisplay or microelectromechanical system mirror-scanning
system. The signal light was coupled with the volume holographic waveguide through
the edge surface. The signal light propagated via multiple total internal reflections (TIRs)
with the main surface of the waveguide plate. In the waveguide, the volume hologram
diffracted the signal light and output it to the eye’s pupil, and the observer viewed the
virtual image. A conventional waveguide consists of a glass substrate and a thin layer
of a surface-relief grating/volume hologram on the substrate [3-9,20-27]. When the very
thin volumetric hologram layer (less than 0.1 mm) is incorporated in the waveguide, the
uniformity of the luminance of the virtual image is degraded due to the lesser interaction
between the hologram and the signal light. To solve this issue, we proposed inputting the
image from the edge surface and using the volume hologram for the entire waveguide
as key points of our method so that there would be much more interaction between the
hologram and the signal light.

Figure 1 shows the conceptual diagram of the effect of the off-Bragg diffraction on
the display-image quality. In volume holograms, diffracted light is generated even under
conditions that do not entirely match Bragg conditions, and this diffraction is called off-
Bragg diffraction [30-32]. Each readout light ray is propagated in the waveguide at a slightly
different angle; therefore, the off-Bragg diffraction generated unintended, reproduced light
from readout rays other than the Bragg-matching ray. Therefore, the off-Bragg diffraction
may have reduced the visibility of the displayed contents, such as characters and figures. It
is essential to analyze and evaluate these effects and clarify the requirements for developing
practical volume holographic waveguides.

To accurately evaluate the display performance, the off-Bragg diffraction process in
the waveguide was formulated and incorporated into the previous analytical model of the
observed virtual image for the volume holographic waveguide.
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Figure 1. HMD optical system with volume holographic waveguide and conceptual diagram of
degraded image resolution by off-Bragg diffraction.

The analytical model is described below (see Figure 2), with a specific, single pixel
as an example. The ray angle for the single pixel was uniquely determined by the pixel’s
position and the focal length of the lens. Once the eye’s pupil position was selected, the
output position of the reproduced light from the waveguide surface was also determined.
The reproduced light contained the Bragg and off-Bragg diffraction lights, and the sum of
these lights determined the observed light intensity for the single pixel.

The Bragg diffraction intensity from the volume hologram depended on the volume
of the illuminated hologram areas. When the Bragg condition was satisfied, the diffraction
intensity was proportional to the square of the volume of the illuminated hologram area
based on the first-born approximation [33-35]. Conversely, the off-Bragg diffraction inten-
sity depended on the off-Bragg vector (§Kg) and the volume of the illuminated holographic
areas [30,31]. Thus, the diffraction light intensity, (I4;) including the Bragg and off-Bragg
diffractions, is given by

2
Lyiff o ‘/V EinAn exp(i8Kg-1)dV| , 1)

where r is the position vector, An is the holographic strength, E;, is the amplitude of
the electric field of the readout light, and V is the illuminated volume of the hologram,
which is determined by the position and size of the eye’s pupil and the diffraction light’s
direction [29]. Notably, if the illuminated volume hologram is split into several areas, each
diffracted electrical field should be summed up to account for the phase differences, as in
the reported model [29]. The off-Bragg vector, 8K, is defined by

5Kg = Kg — kg + kp = ks — ky — kg + kp, @)

where Kg is the grating vector, and ks, ky, kp, and kg are the wave vectors inside the waveg-
uide for the signal, reference, readout, and diffracted (reproduced) light, respectively. For
the Bragg-matching condition, kq = ks, and kp = ky; thus, 8Kg becomes zero. Considering
the coordinate axis (Figure 2), the wave vector of the readout light, kp, is expressed as

cos HVcalc sin Gchzlc /ngl
— s HVcalc/”gl

2 2
ngl + (COS Ovcalc coOs 9Hcalc) - 1/ngl

27N,
— 8
kp = 1

, ®)

where A is the wavelength of the signal light, 6y, and 0., are the vertical and horizontal
ray angles of the input image outside the waveguide, respectively, and 7y is the refractive
index of the waveguide.
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Figure 2. (a) Schematic of analytical model of the waveguide with off-Bragg diffraction; (b) Geometric

definition of ray angles of readout light (6., and 0ygc).

In our volume holographic waveguide, we assumed that many gratings were recorded
so that all of the readout light rays in the waveguide could be diffracted as if they were
reflected by a single mirror tilted at 45°. For example, the signal light propagating along the
z-axis was diffracted to the —x direction. In this case, the wave vector, kg, of the diffracted
light is given by

27y ”?l + (cos By cos 07)* — 1/ng
kd = 2 — sin Qv/l’lgl ’ (4)
— cos By sin QH/ngl

where 0y and 6y are the vertical and horizontal ray angles outside the waveguide, respec-
tively. They also represent the viewing angles of the observed virtual image.

The grating vectors lie on the xz-surface and are inclined at 45° with respect to the
x-axis. Thus, the grating vector, Kg, is written as

2 2
_ \/ngl+(cosevcosf9H) -1 _ cosBy sinby
n ngl
0 . )
\/H§Z+(C059\/COSGH)271
n

B 27‘[1’1g1 8l

87 A

__cosbysinfy
ngl

gl

Using the aforementioned wave vector expressions, 8Kg is transformed as follows:



Photonics 2022, 9, 649 50f 10

€08 Oy cqrc SiNOpeare  cos By sin Oy
ngl ngl
5Kgx 27‘[7’lg1 —sin Oy q1¢ + sin By
SKg = 5Kgy = T Mgl Mgl . (6)
5ng \/né,—l—(cos OV cate €08 Oppoare) > —1 \/n§,+(cos By cosf)%—1

n n

8l 8l

Finally, the light intensity at the specific, single pixel in the observed virtual image is
calculated as follows:

I= /Idiff(Gchlcr 9Hcalc)d9chlcd9chlc- @)

For simplicity, we assumed that the gratings required to display the entire virtual
image were equally recorded, and that their hologram strength, An, was independent of
the ray angle and position vector r. In our calculation, the eye relief, E, (the distance from
the output surface of the waveguide to the eye’s pupil along the x-axis), was set to 22 mm,
and the eye position, E, (the distance from the input edge surface of the waveguide to the
eye’s pupil along the z-axis), was 25 mm. The diameter of the eye’s pupil generally varied
according to the brightness of the surrounding environment [36]. An intermediate size
of 3 mm was used. The light-source wavelength was assumed to be a single wavelength
of 555 nm. The refractive index of the waveguide was 2.3, characteristic of an ideal
photorefractive material.

3. Results and Discussions

The display-resolution performance of the virtual image was investigated using the
concept of the point-spread function. A point image, in which only one specific pixel
was turned on, was input on the edge surface of the waveguide. Thereafter, the spread
of the output virtual image was evaluated in terms of the full-width at half-maximum
(FWHM) viewing angle. First, we evaluated it by varying the waveguide thickness, , from
0.3 to 4.0 mm, while maintaining the ray angle of the point image at 0.1°. Figure 3 shows
the calculation results for the ordinary volume holographic waveguide without using the
line-symmetric image-input method. The result indicated that the FWHM angle width
was virtually inversely proportional to ¢ because the thicker the waveguide, the higher the
angular selectivity of the Bragg diffraction, and the more the off-Bragg diffraction will be
suppressed. Therefore, the display resolution can be improved by increasing the waveguide
thickness although this will increase the device’s weight.

0.035
0.03
0.025 —-555nm
0.02

0.015

FWHM of ray angle (degrees)
o
=

o
o
S
o

o
o

1 2 3 4 5
Thickness of waveguide (mm)

Figure 3. Calculation results of display resolution by conventional volume holographic waveguide
with one-sided image input.
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Next, the ray-angle dependence of the display-resolution performance was investi-
gated. The calculation results are shown in Figure 4. In this calculation, f was set at 1 mm.
The spread of the point image varied periodically as a function of the ray angle, and fatal
resolution-deterioration ray angles were observed. The International Council of Ophthal-
mology defines a visual acuity of 0.8 or higher as characteristic of normal vision [37]. We
defined a criterion for the required resolution performance of the waveguide as an FWHM
angle width of less than 0.02°, corresponding to a visual acuity of 0.8. At a ray angle of
4.6°, which was the worst resolution ray angle in our calculation, the FWHM was 0.13°.
Therefore, a waveguide thickness of 1 mm was found to be insufficient for the ordinary
volume holographic waveguide. Although the resolution performance can be improved
by increasing the waveguide thickness, sufficient resolution cannot be achieved with a
realistic thickness.

0.14

0.12

FWHM (degrees)
o o o

o o o ©°
S (o] co -

o
o
R

0 2 4 6 8 10
Ray angle (degrees)

Figure 4. Calculation results of ray-angle dependence of display resolution (red circle dots) and
luminance distribution according to each ray angle (background shading) with conventional one-

sided image input.

A factor responsible for the periodic deterioration of the resolution performance is
the variation in the interaction volume of the signal light during holographic diffraction,
as previously clarified [29]. The angle selectivity of the Bragg diffraction depends on
the volume of the illuminated hologram. Thus, the influence of the off-Bragg diffraction
becomes more pronounced at viewing angles where the interaction volume decreases. In
addition, the diffracted intensity is reduced even for the Bragg-matching ray angles in these
small-interaction volume regions, indicating a close relationship between the luminance
uniformity of the virtual image and the display-resolution performance.

The luminance distribution of the virtual image is shown in the background of Figure 4.
Comparing the display resolution (FWHM) and luminance distributions showed that the
display-resolution performance had remarkably deteriorated at the ray angle with low
luminance. It indicated that, if the luminance distribution of the virtual image were
improved using the previously proposed line-symmetric image-input method [29], the
display resolution could be improved.

The following is a brief description of the line-symmetric image-input method, and
Figure 5 depicts a schematic of our proposed method. In our previous report, the identified
issue of the dark lines, which are generated on the virtual image due to the changes in the
volume of the signal-light-illuminated volume hologram area, depends on the location on
the waveguide [29]. Therefore, we focused on a pair of signal-light rays with a horizontal
ray angle, +a° and —a°, and we observed that these signal-light rays propagated in the
volume holographic waveguide with the same TIR period but with a half-cycle phase shift.
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This indicated that the two rays had a complemental relation to the interaction hologram
volume. Therefore, if we input a line-symmetric image with a symmetry axis of a horizontal
ray angle of 0°, another diffracted light from the line-symmetric point within the input
image compensated for the variation in the diffracted light intensity.

(Ray angle (0= +a°)

-
0! ' !

z

Vertical ray _—
angle (6y)

Output light
intensity

(Ray e'ngle (EHH)=

v/ — L L L/
d % = | -
Horizontal ray ® ; . :
angle (&) Output light
Line-symmetric Eye intensity ! | . |
image input

(a) (b)

Figure 5. Schematic of (a) line-symmetric image input; (b) light-propagation pass and output-light
intensity at each position of the waveguide.

Similar to the improvement in the luminance uniformity, the display-resolution perfor-
mance can be improved using the line-symmetric image-input method. Figure 6 shows the
normalized intensity distribution in the virtual image for the input-point image, with and
without the line-symmetric image-input method. In this calculation, t was 1 mm, and the
input-point image was placed at the position corresponding to a ray angle of approximately
4.6°, which is the lowest-resolution ray angle (Figure 4). The FWHM angle width for the
line-symmetric image-input method was reduced to 0.01°, which was a sulfficient resolution
for a person with a visual acuity of 0.8, whereas it was 0.13° in the conventional one-sided
image input, as shown earlier. Therefore, the line-symmetric image-input method improved
the display-resolution performance by a factor of 10.

1
)
= 0.8
[
&
2 Conventional
‘w 0.6
=
2
=
204
N
©
E
6 0.2
=z Line symmetri
image input
: AR

4.5 46 4.7 4.8
Ray angle (degrees)

Figure 6. Luminance distribution of point image with line-symmetric image input (blue line).

Figure 7 shows the ray-angle dependence of the display-resolution performance for
the line-symmetric image-input method. The waveguide thickness, t, varied from 0.7 to
3.0 mm. For reference, the result for the conventional one-sided input method is shown
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again. The line-symmetric image-input method did not completely compensate for the
variation in the interaction volume; therefore, even in the line-symmetric input method, the
FWHM angle width slightly varied depending on the ray angle. The thicker the waveguide,
the longer the TIR period [29]; thus, the cycle of change in the resolution also became
longer in the thicker waveguide. When t = 0.7 mm, the FWHM angle width became larger
than the resolution criterion of 0.02° in a periodic manner. However, for a waveguide
thickness exceeding 1.0 mm, the display-resolution performance satisfied the criterion at
all ray angles. Therefore, when the line-symmetric image-input method was employed, the
volume holographic waveguide provided sufficient resolution across the entire FOV with a
realistic thickness.

0.14
(Conventional method)
—t=1.0mm
0.12
0.1
o
«
2 0.08
(o]
] (Proposed method)
g Line symmetric image input
§ 0.06 —t=0.7mm
o
0.04

002 -- P A (Visual acuity
: rd of 0.8)
0
0 2 4 6 8 10 12 14

Ray angle (degrees)

Figure 7. Waveguide thickness and FOV-dependence of display resolution with line-symmetric

image input.

4. Conclusions

We built a mathematical model of a volume holographic waveguide and analyzed
the display resolution of the observed virtual image, considering the off-Bragg diffraction.
The display-resolution performance was better in the thicker waveguide because the
angular selectivity of the Bragg diffraction was higher in the thicker hologram. The
performance periodically varied with the viewing angle of the virtual image because
the interaction hologram volume periodically varied with the ray angle in the volume
holographic waveguide. With the conventional one-sided input, the input-point image
significantly spread at a particular ray angle, at which a rather low level of luminance
was observed in the virtual image because of the small interaction volume during the
holographic diffraction. At the lowest-resolution ray angle, the input-point image was
broadened more than 0.1° for a 1-mm-thick waveguide. Therefore, a volume holographic
waveguide with adequate resolution performance and realistic thickness cannot be realized
using the conventional one-sided input method.

Contrarily, our previously proposed line-symmetric image-input method significantly
improved the resolution performance. In this method, the input image was symmetrically
arranged with respect to the horizontal ray angle of 0°, and another diffracted light from the
line-symmetric point within the input image compensated for the variation in the diffracted-
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light intensity. We discovered that the spread of the point image was suppressed to 0.01°,
which is a sufficient resolution for a person with a visual acuity of 0.8. Therefore, using
the line-symmetric image-input method, the volume holographic waveguide provided
sufficient resolution with a realistic thickness. Thus, we clarified that the line-symmetrical
image-input method that compensates for the interaction region between the signal light
and volume hologram is mandatory to achieve a practical display resolution and luminance
uniformity for the volume holographic waveguide.
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