& frontiers | Frontiers in Physics

’ @ Check for updates

OPEN ACCESS

Xiangang Luo,
Chinese Academy of Sciences (CAS),
China

Lingling Huang,

Beijing Institute of Technology, China
Guoxing Zheng,

Wuhan University, China

Seunghyun Lee,
shlee@kw.ac kr

06 April 2023
05 June 2023
16 June 2023

Hwang L and Lee S (2023), Development
of holographic printed HOE recording
technology with VHG-based FOV analysis
for waveguide-type NED system.

Front. Phys. 11:1201420.

doi: 10.3389/fphy.2023.1201420

© 2023 Hwang and Lee. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics

Brief Research Report
16 June 2023
10.3389/fphy.2023.1201420

Development of holographic
printed HOE recording
technology with VHG-based FOV
analysis for waveguide-type NED
system

Leehwan Hwang' and Seunghyun Lee?*

Department of Immersive Content Convergence, Kwangwoon University, Seoul, Republic of Korea,
2Ingenium College, Kwangwoon University, Seoul, Republic of Korea

We propose a holographic printing—recording technology for near-eye display
through volume holographic grating analysis in hologram recording and
reconstruction. Most near-eye displays are designed based on waveguide-type
and analog holographic optical elements, resulting in disruption of the uniformity
of the image because of the difference between the initial recording conditions
and the source image. This problem can be addressed using holographic printing
technology to modulate different diffraction efficiencies for each holographic
element. This study uses a digital HOE screen that can fabricate and reconstruct
augmented reality images of 1.17", 1.76", and 2.35" in a field of view of 28.07°, 41.11°,
and 53.13°, respectively, at a distance of 53.33 mm from the eye. Moreover,
augmented images are realized with higher diffraction efficiency than
conventional methods, simplifying the design and facilitating mass production
of uniformed products using digital holographic printing technology.
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1 Introduction

AR has gained widespread adoption in various industries, including gaming, education,
healthcare, and manufacturing industries. Near-eye displays, such as smart glasses and headsets,
have become more accessible and affordable, driving their increased usage. In particular, in the
field of research on the development of optical devices, a lot of research is being conducted in the
AR display field [1, 2]. There have been significant improvements in the optics of AR and near-
eye displays [3]. Enhanced display resolutions, wider field of view (FOV), and improved image
quality have resulted in more immersive and realistic AR experiences. Advancements in
waveguide and diffractive optics have enabled sleeker designs and reduced the form factor
of near-eye displays. This enables lightweight and portable designs. Manufacturers are focusing
on creating lightweight and portable AR and near-eye display devices. These advancements
enhance user comfort, enabling extended usage periods and making them suitable for various
applications, including enterprise, entertainment, and consumer markets. A near-eye display
(NED) with a transparent waveguide is one of the promising devices for this field [4, 5]. This
type of NED can be divided into three main parts—the display source image, the in-coupler that
can relay the source image to total internal reflection (TIR), and the out-coupler that transfers
the relayed image information to the eye [6, 7]. These couplers typically comprise a diffractive

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2023.1201420/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1201420/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1201420/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1201420/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1201420/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1201420&domain=pdf&date_stamp=2023-06-16
mailto:shlee@kw.ac.kr
mailto:shlee@kw.ac.kr
https://doi.org/10.3389/fphy.2023.1201420
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1201420

Hwang and Lee

optical element (DOE) and volume holographic grating (VHG). The
DOE forms an angle of refraction by etching a grating on a material
such as glass or plastic, and VHG is an optical element in which grating
is applied to a medium using holography. Using these elements, a
portable NED system can be designed to be lightweight and compact
and is, therefore, extensively studied by suppliers like Microsoft, Meta,
and Digilens that develop potable head-mounted display (HMD)
devices such as augmented reality (AR) glass [8-10]. A waveguide-
type NED system generally provides a field of view (FOV) of
approximately 50°-54° [11, 12]. This factor prevents users from
immersing themselves in realistic AR content because of the
inconsistency of focus between the virtual image and the real
world. However, in this case, it is a factor that provides a
sufficiently large volume to be applied to a portable terminal. Even
for portable devices, these factors can facilitate a large system volume.
In the case of the DOE, the wavelengths of red, green, and blue for full-
color display can cause color dispersion like a rainbow between
diffraction angles as the direction of light is determined by the
shape and distance of the grating pattern. This can be solved using
a holographic optical element (HOE). In the case of the HOE, the
propagation direction of light is determined by the spacing between
grating patterns like the DOE. However, if the same wavelength as the
hologram recording condition is used, multiple spots do not occur, and
there is no chromatic aberration. However, uniformity cannot be
guaranteed as the system is fabricated by an analog hologram
recording method. Moreover, when the specifications change, the
optical system must be redesigned, which is time consuming and
expensive [13, 14]. In this paper, we propose optimal recording
conditions by analyzing the selectivity and efficiency of images
according to the digital hologram recording method by a
waveguide-type NED system. Analog hologram recording refers to
the traditional method of capturing and storing holographic
information using optical techniques. In this process, a coherent
light source, such as a laser, is split into two beams: the reference
beam and the object beam. The object beam is directed toward the
object or scene being recorded, and the scattered light from the object
interacts with the reference beam to create an interference pattern. This
interference pattern is captured on a holographic film or plate, which
preserves the complex wavefront information of the object. On the
other hand, digital hologram recording involves the use of digital
sensors, such as charge-coupled devices (CCDs) or complementary
metal-oxide-semiconductor (CMOS) cameras, to directly capture the
interference pattern. Instead of using photographic film, the
interference pattern is recorded as a series of intensity values or
complex amplitudes, forming a digital hologram. The digital
hologram can then be stored, processed, and reconstructed using
computational algorithms. For this reason, with digital hologram
recording methods, we can utilize various numerical computations
on a computer to achieve the desired results. In addition, to improve
the uniformity of AR images restored through the HOE, we present an
optimized digital HOE recording method that uses holographic
printing technology and a computer-generated hologram (CGH)
pattern to control the varying diffraction efficiency for each
holographic element (hogel) as a minimum recording unit.

Consequently, the proposed VHG recording method is
to be
contents of a large screen with reconstructed depth images
from NED.

proved effective in uniformly displaying AR
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2 Methods

We use NED based on an HOE in this system. This system uses
an HOE fabricated using holography as a screen. Therefore, an
image focused at a close position in front of the eye is positioned at a
deep position through the HOE screen having optical refractive
power. This enables observers to enjoy comfortable video viewing
and reduces the gap between the augmented video and the real
world. Therefore, the depth of the image depends on the focal length
of the HOE, and the FOV is related to the size of the screen and the
focal length of the HOE. Therefore, when transmitting an image in a
system using a waveguide, the size of the screen reflecting the image
and the transmission angle determine the FOV of the system and the
depth of the image. To transmit optical information using total
reflection, Figure 1A shows the hologram recording method used for
in-coupled HOE. Covestro’s photopolymer was selected as the
holographic material. Air, photopolymer, and waveguide glass
have different refractive indexes. Therefore, the TIR angle at the
final input spot must be an acceptable critical angle value that can
satisfy the condition. When we see the top left image in Figure 1A,
the angle 0;, represents the hologram recording angle when creating
the in-coupled HOE. When an image is input to this generated HOE
under the reference beam conditions, it undergoes angular
modulation by 8;,. However, due to the difference in refractive
indices between the waveguide glass and the photopolymer, an
additional angle B’ arises. Therefore, the final image that
propagates by total internal reflection (TIR) is given by 6;, + 0.
If this angle is adjusted to satisfy the TIR condition, it becomes the
TIR angle denoted as 8, in the top right image in Figure 1A. We
refer to this as 0, in our study. Based on Snell’s law equation, the
point at which the TIR angle 8;, becomes 90° and sin 6;, becomes 1 is
the critical value. The incident angle 6;, obtained here becomes the
critical angle 6., and when 6. is rearranged, it can be
0. = sin! (ny/n,), where n, is air with a refractive index of
1.000 in the 532 nm wavelength band, and n; is a photopolymer
with a refractive index of 1.520. Therefore, 0. = 41.13°.

In Figure 1A, the refractive index of the photopolymer should be
through the
photopolymer and is incident on the glass. We denote this

considered because the object beam passes
deviation value as 6. However, the refractive index of 0.015 from
the waveguide glass has a deviation value of 0.56° as 6’. Therefore, in
this study, the refractive index of the photopolymer is not considered
0 value, and 6;, of the in-coupled HOE is 45°, which is larger than
the critical value 6, of 41.13° for convenience of the recording
setup. Figure 1B shows that the 45° relayed image is transmitted
to the observer’s eye while acting as a transparent concave mirror. As
shown in Figure 1C, it magnifies the image from the micro-display
and reconstructs it at the depth position required by the user. The
focal length F,;, of the out-coupled HOE is a factor that determines
the FOV of the system and the size and depth of the image. This is
because the divergence or convergence angle increases as the focal
length becomes shorter in the same size HOE. However, as it is not
possible to fabricate an infinite image size for an immersive screen, it
is necessary to analyze it to determine the maximum specifications
within the range considering practical aspects. Before we used
holographic printing solution, HOEs of 10cm? 15cm? and
20 cm® were fabricated, and the intensity distribution was
measured by dividing them into six areas by resizing d;; and d,p.
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FIGURE 1

(A) Recording ray diagram for the in-coupled HOE. (B) Recording ray diagram for the out-coupled HOE. (C) Reconstructed AR virtualimage from the

holographic waveguide system.

The display source image used the same size as the size of each dj,.
The focal length of the three HOEs is all the same at 33.33mm, and
the FOV was adjusted only with dj, and dj;, sizes.

Figure 2A shows the results of measuring the intensity by
dividing each HOE into areas to verify the uniformity of 10 cm?,
15 cm?, and 20 cm’. The angles and intensities of the incident light
for each area on the HOE surface are indicated. Through this
simulation, it is observed that although the hologram is recorded
using the entire surface of the HOE, the efficiency varies due to the
different angles at which light illuminates the HOE surface for
incoming spherical waves, such as in the case of the NED system.
The focal length of the out-coupled HOE is defined as the TIR angle
at which light enters at a 45° angle in a linear space, converging to a
unit angle. Although the distance of the input image incident on the
HOE is the same, different sizes of HOEs result in obtaining FOV's of
28.07°, 41.11°, and 53.13° for 10cm?
respectively. Therefore, as can be seen from the simulation

15cm? and 20 cm?

results, as the size of the out-coupled HOE increases, the
converging angle toward the eye also increases. Thus, a large
HOE designed to reconstruct an image with a large FOV will be
created as a hologram with different diffraction efficiencies, as
in the
compensate for the diffraction efficiency that varies with these

shown simulation results. Therefore, in order to
angles, we record each area of the HOE surface using different
optical powers for each area and perform angular compensation. As
a result, the final reconstructed image can be uniformly restored.
When recording holograms for HOE fabrication, we need to
calculate the angular selectivity to determine the power. If the
angular selectivity is large, it will accept a large amount of light,
and if it is small, it will accept a small amount of light. The

calculation is determined based on Eq. 1 [15]. This equation is
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based on Herwig Kogelnik’s coupled wave theory and explains the
influence of the tilted grid in light’s Bragg diffraction in holographic
restoration on the angle and wavelength sensitivity. FOVs of 28.07°,
41.11°, and 53.13° can be obtained. To select the reconstruction
efficiency for each recording angle, which is different for each unit,
as a compensation value, the HOE is recorded by the conventional
analog method. Efficiency was measured for each unit by dividing
the entire effective area into six regions and measuring the
reconstructed beam diffracted in each area. The angle in the
space of the straight line incident to the out-coupled HOE at 45°,
which is the TIR angle, and the straight line where each unit
converges as the focal length is defined as 6,. The equation for
calculating the angle selectivity is determined from Eq. 1 [12]. This
equation is based on Herwig Kogelnik’s coupled wave theory, and it
is a theory about the effect of the tilted grating in the Bragg
diffraction of light on the angle and wavelength sensitivity during
hologram reconstruction imaging. This theory is an explanation of
the conditions under Bragg diffraction. It shows that not only the
angle and wavelength of the incoming light but also the refractive
index and thickness of the material through which the light passes
are affected. In the proposed NED system, not only glass as a
waveguide material but also photopolymer as a holographic
medium is involved in the shifting angle. For this reason, the
system is designed based on the Kogelnik coupled wave theory
[16, 17].

n? — sin20,

Af = (1)

" Tsin6, cos O,

For n and T, 1.505 and 16 um were applied, respectively,
according to the index of the photopolymer datasheet. HOEs
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with FOVs of 28.07°, 41.11°, and 53.13° had deviations of 10, 17.5,
and 27.5uW, respectively. Figures 2B-(D) show the value
normalized to the 255 level by converting the reconstructed
image to grayscale. As the FOV increases from 28.07° to 53.13°, it
can be observed that the deviation of 0, of the image increases. This
shows that the reconstruction deviation between the left and right
parts of the image increases as the FOV increases. Therefore, to

Frontiers in Physics 04

increase the FOV, it is necessary to make the amount of diffraction
uniform in the entire area by varying the diffraction deviation
according to the angle of the image away from the center [18].
Figure 3A shows the optical schematic for holographic printing.
The two beams from the laser are divided into a reference beam and
an object beam, respectively, using a beam splitter. The reference
beam is incident at 45°, which is equal to the TIR angle in the NED.
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The object beam passes through a spatial filter consisting of an
objective lens and a pinhole. The passing beam is incident on the
spatial lighting modulator (SLM) using the collimated beam through
the lens. This SLM has a resolution of 4,096 x 2,160 with a pixel size
of 4 um and generates a diffractive beam by modulating an incident
collimated beam with a CGH generation pattern transmitted from a
PC. Furthermore, it modulates each 6, from the coordinates from
(x1, ¥1) to (x4, ¥m) to the focal position. In this process, a DC term
and a conjugate term that generates a twin image are generated by
the hologram equation. So, we only use the first-order diffraction
beam we want recorded on the film by inserting a mask into the
telecentric lens. Each hogel is de-magnified with a telecentric lens
of x 0.06 magnification. Subsequently, the CGH is recorded in
h(x1, 1), which is a holographic material. After one hogel is
recorded, it moves to the next coordinate using the X-Y stage
and sequentially records up to h(x,, y,). Considering the beam
width of the reference beam, the de-magnification ratio of the object
beam is displayed in the SLM as a 0.5-um square image for
recording. Figure 3B shows the process of recording in hogel
units from the CGH to the holographic material. The advantage
of recording with hogel in a holographic printing system using CGH
is that holograms have the feature that images can be reconstructed
even if only a part of the interference pattern is used. Therefore,
when the entire CGH is generated and then divided into hogel, each
hogel can diffract light to a focal point. In addition, since the focal
length and direction can be generated flexibly, it can be used as an
optical element with the desired specifications if the CGH is used in a
NED that requires a small screen size. The CGH interference pattern
generation, which is the source image displayed on the SLM, was
generated using the Rayleigh-Sommerfeld diffraction (RSD)
integral. The RSD integral can be implemented with a simple
integral equation, unlike other diffraction equations. This has the
advantage of shortening the time in generating a CGH. The
hologram is located in the &1 plane, and the coordinate value of
the pth point is p(x, ¥, z). As the diffractive beam must be gathered
into one spot, coordinates are set as x, = y, = z, = 0, similar to a
point source. Each point has a real-valued amplitude a, and a
relative phase ¢,. A hologram O(&,7) with a complex amplitude
distribution is determined by the superposition of object waves and
can be written as follows:

N
06 = Y2 expl i, +4,)}. @
p=1

The reciprocal (wavenumber) k of this wavelength is defined as
k = 2m/)A. The distance between the pth point of the object on the
hologram and the position &,7 on the hologram plane can be

obtained as r, = \/(f— xp)2 +(n- yp)2 +2,2. As the reference
beam of the NED is an incident in parallel, R(&, %) can be
defined as a, exp{—jk(fsin 0 + 17sin 9,1)}, where a, is the
complex amplitude, and 0; and 0, are the reference light
incidence angles on the & and 7 axes, respectively. Complex
amplitude distribution on the hologram plane is formed by the
interference of the object and reference waves and is expressed as
O(&, ) + R(&, 7). The overall intensity pattern represents the light
intensity  distribution and is expressed as (&) =
|O + RP? = |O)* + |R]* + R*O + RO*. Although there are four
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terms on the right-hand side of the equation, only the third and
fourth terms have interference information as a hologram.
Therefore, when calculating a pattern using CGH, we can obtain
I(&, 1) using these two terms from Eq. 3 as follows:

N .
I(¢y) = Z? exp(kr,— + k& sin O¢ + kn sin 9,7). (3)

The CGH pattern produced using the aforestated formula is
divided into n parts horizontally and m parts vertically. In this
divided image, only a square image of 8.34 mm size is displayed on a
rectangular SLM panel. The displayed image is directly incident on
the telecentric lens and reduced by 0.06 times. This reduced hogel
has a size of 0.5 mm?. In the case of in-coupled HOE, it is incident as
a plane wave and only needs to tilt at a 45° angle. Therefore, a CGH
with a specific lens function need not be created, and only an
8.34 mm square, green background image was used for the display.
In this study, digital HOE was recorded using the digital holographic
printing system. Covestro’s photopolymer was utilized as the
recording medium. A 532 nm laser was used, and an energy of
20 mJ/cm’® was considered the optimal energy level within this
wavelength range. Since the size of one hogel in this printing
system is 0.5mm’ 0.5m] is the appropriate energy for each
hogel. With a laser power consumption of 50 mW at the final
recording stage of this holographic printing system, an exposure
time of 0.1 s (10 Hz) was used for recording the CGH pattern. All
HOEs with 10 cm?, 15 cm?, and 20 cm? are fabricated with a 20 mm
focal length.

3 Results and discussion

Figure 4A shows the result of illuminating the reference light after
printing without compensation for deviation in a general printing
method. The deviation between the center and edge areas was
severe at 53.15° rather than at the narrowest FOV of 28.07°. The
average FOV efficiency decreased by 52.70%, 81.67%, and 92.34% in
the order of 28.07°, 41.11°, and 53.13°, respectively. When we see the
result of Figure 4A, it is evident that the three HOEs exhibit a decrease in
surface uniformity. The central region of the HOEs shows an average
power ranging from 200 uW to 240 uW, while the outermost region
demonstrates a significant drop, reaching values below 40 uW. This
indicates a reduction in output by more than 90%, highlighting the
insufficient ability of the entire HOE surface to reproduce images
uniformly. However, the improved HOEs, utilizing the proposed
method, demonstrate a deviation in output degradation of less than
10% between the central and outermost regions. This showcases higher
uniformity compared to images reproduced using conventional
hologram recording methods.

Figure 4B shows the result of recording each hogel using varying
light quantity, considering the aforementioned deviation. The image
is an augmented image seen at the observer’s position when the
green image was input as the source image, and the uniformity of the
intensity distribution of the reconstructed image was analyzed by
standardizing it to 255 levels. Figure 4B shows an entirely uniform
result, unlike Figure 4A. Figure 4C shows the result of image
reconstruction with the HOE recorded as a result of angle
compensation using holographic printing technology. The HOE
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15 mm? size of the out-coupled HOE. (E) Reconstructed image with 53.13° FOV and 20 mm? size of the out-coupled HOE.

can be adjusted by using the CGH pattern to set the distance between
the 3D object (xp, yp, zp) point and the hologram plane. The focal
length was set to 20 mm. Each FOV was adjusted to the size of the
screen, and the image was displayed to fill the width of each screen.
Figures 4C, E show the reconstructed images using the out-coupled
HOE of the NED system according to the FOV. Floating AR images
with sizes of 21.65 mm (1.17”), 36.23 mm (1.76”), and 53.30 mm
(2.357) were displayed, respectively. Here, in-couple HOE and out-
couple HOE used sizes of 10 cm?, 15 cm?, and 20 cm? If the camera
focus is moved to the content object at the 50 mm position, the AR
image is blurred. When the focus is moved to the 33.33 mm position,
the image is displayed clearly. This shows that the image is
reconstructed to the calculated depth.

4 Conclusion

We developed a uniform reconstruction method of the HOE screen by
applying the holographic printing-recording technology as the HOE
recording method of the NED system that fabricates compact and large
FOV images. CGH was applied to the design of the in-coupler and out-
coupler devices while developing the analog-type NED system for digital
HOE printing. This showed the possibility of producing spherical and
aspherical high-resolution optical devices using a holographic printing
system with a stage. In addition, system imperfections caused by manual
setup can be solved. However, several problems are yet to be solved.
Although the problem of reconstruction efficiency caused by the incidence
on the HOE screen at different recording angles during recording has been
solved, as the size of the hogel cannot be made infinitely small, the
limitation of resolution and reconstruction error caused by the fine
boundary should be considered. If these problems are solved in the
future, thin-film high-wide-angle refractive aspherical elements with the
aforementioned advantages can be manufactured. This may lead to the
development of portable devices that implement immersive AR content,
such as HMD and head-up display manufacturing fields.
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