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Color gamut characteristics
of diffractive-light guides
of near-eye augmented reality glasses
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SUMMARY

We delve into the distinctive color gamut characteristics resulting from color dispersion of surface relief
grating (SRG) and wavelength degeneracy of volume holographic optical element (VHOE) in a diffractive
light guide. While a laser-like spectrum achieves an impressive 194% sRGB color gamut for both cases, it
proves unsuitable for VHOE light guides due to limitations in breaking the field of view (FOV) of the
display. Conversely, a broad-band light source, such as LEDs, offers continuous FOV but reduces the com-
mon color gamut to 50% sRGB. We then present a newly designed VHOE light guide capable of achieving
the common color gamut of 130% sRGB using two multiplexed holograms of each color, closely matching
the 133% sRGB achieved by an SRG light guide. This article presents the first theoretical methodology to
elucidate color performance of diffractive light guides utilizing VHOEs with holographic multiplexing, af-
firming their suitability for crafting high-quality near-eye display.

INTRODUCTION

Large displays have become ubiquitous worldwide, thanks to the widespread adoption of liquid crystal technology, enabling expansive
panels at a low cost. Despite this progress, a significant reduction in energy consumption can be achieved by ensuring that the display light
is directed specifically toward the users’ eyes. One potential solution lies in the development of near-eye glasses-type display designed to
cater to individual users. The integration of mobile functionalities, such as augmented reality (AR) or even mixed reality (MR), could further
enhance the capabilities of these glasses-type displays.’ Both AR and MR glasses demand the seamless incorporation of virtual images
into the user’s surroundings with a see-through function.' ™ Achieving this is feasible by embedding a beam-splitter in the glasses to efficiently
couple incoming images from the top side. However, a critical consideration in the design of near-eye glasses-type display is the substantial
impact on user comfort stemming from concerns about the device's volume and weight. To address this challenge, the incorporation of dif-
fractive elements emerges as a viable solution. Figure 1 illustrates a conceptual diagram of a diffractive light guide for AR glasses. Diffractive
optical elements (DOE) play a crucial role in directing incoming light into a specific direction, a functionality unattainable through optical el-
ements based solely on reflection or refraction.” In the depicted figure, the couple-in DOE serves to diffract incoming light carrying an image
to a direction within the scope of the propagation mode through total internal reflection (TIR) along the glass plate. Subsequently, the couple-
out DOE redirects the guided light toward the user’s eye.®” In comparison with traditional approach with a beam splitter plate in the near-eye
glasses,'”"'? this innovative use of diffractive elements not only addresses the energy efficiency concerns associated with display technologies
but also contributes to a more streamlined and user-friendly design for near-eye glasses-type display.

Diffractive optical elements offer an effective means to optimize the volume of glasses and leverage the glass plate as a pivotal component.
Currently, two distinct DOEs are employed in these glasses, differing primarily in thickness, and the key distinction lies in the presence of the Bragg
condition. The first category encompasses thin gratings, with the surface relief grating (SRG) serving as a representative element. The diffraction
from a thin grating arises from constructive interference along the lateral plane of the grating, which lacks effective thickness, such that it has the
capability to diffractincoming white light into a split light exhibiting a rainbow-like structure, asillustrated in Figure 2A. SRGs can be manufactured
through a lithography process to create a surface structure, providing a distinct advantage in terms of mass production efficiency.'*'®

The second group comprises volume gratings and holograms, where thickness becomes a critical factor in influencing diffraction.’”** The
diffraction from volume grating relies on constructive interference across the entire volume, leading to the imposition of the Bragg condition,
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Figure 1. A schematic diagram of a diffractive light guide system
Here the image from the display panel is projected to the light guide, and the DOEs play roles of couple in and couple out function through the glass plate.

which restricts diffraction along a specific direction with a designated wavelength.”~? Consequently, a volume grating can diffract incoming
light into a split light with a rainbow-like structure, where each wavelength of the diffracted light corresponds to a specific incident angle
determined by the Bragg condition. This phenomenon is referred to as wavelength degeneracy, as depicted in Figure 2B.?/

The diffractive optical elements using holographic technique have been employed in the AR glasses to direct the projected image to the
user's eye to perform see-through function in a compact form factor which is extremely important to practical applications.>'*'® However, this
device could provide extremely compact form factor to a see-through glasses, the color fidelity is always a problem owing to the dispersion of
grating. A quantitative comparison of the color gamut of different diffractive devices is highly demanded. This paper delves into an explo-
ration of the spatial and spectral responses of volume gratings/holograms when utilized in near-eye AR glasses. A noteworthy aspect of this
study lies in our novel approach employing holographic multiplexing to enhance the color gamut of VHOE-type AR glasses, and enabling a
substantial comparison of color gamut coverage with the SRG approach, all while preserving other essential properties such as the field of
view (FOV). As a result, this research offers valuable insights for the development of practical and efficient diffractive light guide systems
tailored for near-eye AR glasses applications.

RESULTS AND DISCUSSION

Principle of diffractive light guide

The design of the light guide hinges on the diffraction characteristics of its diffractive elements, as depicted in Figure 3. When SRGs are incor-
porated into the light guide, the grating dispersion causes the diffraction light to split into various angles, each corresponding to a different
wavelength. To ensure optimal performance for a full color display, the diffracted light must propagate at angles in the range limited by the
critical angle and glasses configuration, thereby reaching the second SRG with a reflectivity of 100% in principle through TIR. The color-split
light is subsequently converged into white light using a second SRG, allowing the projection image to be directed toward the user’s eyes. This
process is flawless when the diffraction efficiency is ideally 100%. However, since an SRG involves a surface structure, any imperfection in the
structure can lead to energy transfer to the leakage mode. This, in turn, may cause the image to diffract in the opposite direction, posing

S

I —

Figure 2. The scenarios of light diffracted from two different gratings

(A) An SRG performs perform dispersion and multi-order of diffraction with white light incidence.

(B) A VHOE performs Bragg condition with high spatial/spectral selectivity. The effective diffraction for a certain wavelength is determined with the incidence
condition of the reading light.
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Figure 3. Schematic diagram of the light guide system with two different gratings
(A) SRGs and (B) VHOEs.

potential security or privacy concerns. The second concern is that, due to the dispersion of the grating causing light with three primary colors
to propagate at different angles, it is often required to incorporate multiple guide plates with specifically designed gratings for each primary
color to enable TIR for all colors, ensuring the maintenance of full-color operation within the designated FOV.?

When VHOEs are seamlessly integrated into the light guide, all light with three primary colors can propagate with the same guiding mode
within a single guide plate. This is achieved by employing three multiplexed gratings, each based on its own specific Bragg condition. How-
ever, the application of the Bragg condition facilitates effective diffraction at diverse angles for different wavelengths.?”*" In contrast to the
conditions in SRG, the second VHOE adeptly steers the color-split light within the light guide toward specific angles, rather than converging it
into a unified white image. Consequently, the resultant observed image exhibits a color distribution reminiscent of a rainbow structure. This
characteristic introduces a notable challenge to color uniformity, as the perceived wavelength at a given pixel varies laterally from others in the
image.

For a comprehensive analysis of the diffraction properties, it is imperative to calculate the diffraction efficiency of both the SRG and the
VHOE. In order to facilitate a meaningful comparison, as illustrated in Figure 4, we have standardized key parameters for both the SRGs
and the multiplexed gratings of VHOE for three primary colors. These include the horizontal grating periods for red, green, and blue, set at
519.1 nm, 431.5 nm, and 370.7 nm, respectively. The refractive indices for SRG, VHOE, and the glass plate are uniform at 1.505. Addition-
ally, the slanted angle of the grating (¢) is fixed at 27.5°, the depth, d of the SRG structure is 200 nm, and the thickness, t of the VHOE
is 16 pm.

To further streamline the light guide conditions and prevent crosstalk among the red, green, and blue light, we assume the presence of
three distinct light guides for both SRG and VHOE. The RSoft was employed for simulating the diffraction efficiency of the SRG,*' while Ko-
gelnik’s formula was applied to simulate the Bragg diffraction within an FOV of 20°, as depicted in Figure 5.7 This visualization underscores
the fundamental disparity between SRG and VHOE. The former allows all colors to manifest at each viewing angle, albeit with non-uniform
diffraction efficiency. In contrast, the latter adheres to the Bragg condition, permitting only a specific bandwidth of red, green, and blue light
to be visible at each angle. The distinctive color characteristics of SRG and VHOE exert a discernible influence on the color gamut of the re-
sulting image, elucidating the essential differences between the two optical elements.

Color gamut characteristics

To elucidate the limitations of the two diffractive light guides, we introduced two distinct spectra for the display panel, encompassing red,
green, and blue light, as illustrated in Figure 6. These spectra can be generated through either the self-emission of the panel featuring OLED
or micro-LED arrays,** " or through panel illumination methods such as Liquid Crystal on Silicon (LCoS) or Digital Light Processing (DLP).**~*
The first spectrum resembles a laser-like emission with a narrow band, while the second adopts an LED-like emission characterized by
Gaussian functions. The color distribution calculations for the light guides employing SRG and VHOE are presented in Figure 7.°%*” The theo-
retical modeling and calculation process are presented in the STAR Methods section. Each triangle within the figures signifies the presence of
red, green, and blue light in the image at specific viewing angles.

Figure 4. Schematic diagram of two different gratings in the simulation
(A) SRG and (B) VHOE.
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Figure 5. Diffraction efficiency vs. field of view of the image for two different gratings
(A) SRG and (B) VHOE.

In the case of a narrow-band spectrum, the color triangle exhibited by the SRG is identical to that of the VHOE, as illustrated in Figures 7A
and 7B. When the spectrum narrows to a laser-like configuration, the image produced by the SRG light guide appears flawless. However, in
the VHOE light guide, a complete image is absent, and only fragmented images manifest at three specific viewing angles. This means that the
image with narrow-band spectrum will cause the FOV broken. Therefore, the laser-like spectrum is not applicable to a VHOE light guide. Itis
an important characteristic when VHOEs are used in a see-through light-guide glasses.

For the broad-band spectrum, multiple triangles are evident in both the SRG and VHOE light guides for different viewing angles. In the
SRG light guide, as shown in Figure 7C, the overlap area created by these triangles, the common color gamut, is slightly reduced compared to
the scenario in Figure 7A, yet remains within an acceptable range. Conversely, the triangles within the VHOE light guide exhibit significant
rotation, as shown in Figure 7D, resulting in the common color gamut of the VHOE light guide being insufficient for generating high-quality
images. This rotation, induced by the Bragg condition of wavelength degeneracy, constrains the common color gamut to a specific region,
even though the image is no longer fragmented within the designated FOV. To mitigate the substantial rotation of the triangles and thereby
expand the common color gamut, it is imperative to narrow the bandwidth of red, green, and blue light visible at each viewing angle. To
address this challenge, we propose here innovative scheme to multiplex additional volume holograms within the VHOE for providing flexi-
bility to adjust the color coordinates of the primary RGB color at each viewing angle. Holographic multiplexing stands out as a key advantage
of the reflective VHOE, where strong coupling strength can yield nearly 100% diffraction efficiency for each multiplexed hologram
theoretically.

Our multiplexing scheme is devised to align the peak wavelength of the Gaussian distribution of the light source with the central part of the
diffraction efficiency curve of each color, asillustrated in Figure 8A for two sets of volume holograms within the VHOE. This design ensures that
the diffracted light is confined near the peak of the Gaussian within a larger viewing angle range, while being equally divided into two parts
centered on the peak of the Gaussian within a smaller viewing angle range. As a result, color differences across the entire viewing angle can be
minimized, thereby expanding the common color gamut. The conditions of these two sets of volume holograms are as follows. The
lateral grating periods for red, green, and blue are 0.519 pm, 0.432 um, and 0.371 pm, respectively. The corresponding slanted angles are
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Figure 6. Two different spectra covering red, green and blue light
(A) laser-like spectra in narrow band, (B) broad-band spectra with Gaussian functions.
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Figure 7. The color gamut distribution of various viewing images
(A) The SRG with light of narrow-band spectrum, (B) the VHOE with light of narrow-band spectrum, (C) the SRG with light of broad-band spectrum, (D) the VHOE
with light of broad-band spectrum.

26.13° (red#1), 29.01° (red#2), 26.31° (greeni#1), 29.42° (green#2), 26.50° (blue#1), and 29.42° (blue#2), respectively. With these conditions, the
corresponding color gamut distribution for each viewing angle is depicted in Figure 8B.

While the common color gamut of approximately 130% sRGB in the VHOE light guide may not surpass the 194% sRGB achieved by the
SRG light guide with a laser-like spectrum, it closely aligns with the common color gamut of around 133% sRGB when subjected to a broad-
band spectrum typical of LED-like emissions from the display panel. Figure 9 provides a comparative analysis of the color gamut versus the
FOV of the image for the SRG/VHOE light guide and the standard sRGB. A quantitative comparison of the common color gamut is illustrated
in Table 1. Notably, under a broad-band spectrum, the color performance of both the SRG and VHOE light guides exhibits remarkable sim-
ilarity. Consequently, the color gamut constraint inherent in a VHOE light guide can be alleviated through the meticulous design of holo-
graphic multiplexing in VHOESs and the adoption of a suitable broad-band spectrum emitted or reflected from the display panel. This strategic

iScience 27, 110023, June 21, 2024 5
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Figure 8. The diffraction efficiency curves of VHOE with multiplexed holograms and corresponding color gamut distribution

(A) The diffraction efficiency vs. the viewing angle for a VHOE with two volume holograms in each primary color. The color lines indicate the peak wavelength of
the spectrum.

(B) The corresponding color gamut distribution by each viewing angle.

approach opens avenues for enhancing the color performance of VHOE light guides, bringing them closer to the standards set by broad-
band spectrum applications, such as those typical of LED technology.

Conclusions

In this paper, we delve into the distinctive diffraction characteristics of SRG and VHOE deployed in diffractive light guides for near-eye AR
glasses. While both act as diffractive reflectors, SRG inherently possesses a thin grating, contrasting with the thick grating nature of
VHOE. Notably, the color dispersion in SRGB and wavelength degeneracy in VHOE act different color characteristics.

Inthe case of SRG, the dispersion effect impacts the requirement for a high refractive index in the glass plate, potentially leading to content
security concerns due to leakage modes. On the other hand, VHOE relies heavily on the strict Bragg condition, and its wavelength degeneracy
facilitates effective diffraction in a spatial-spectral pair of the input image.

This disparity in color dispersion and degeneracy effects gives rise to distinct color performances. The evaluation of color performance is
conducted with three gratings covering red, green, and blue light, respectively. For a laser-like spectrum from the display panel, the color
gamut reaches an impressive 194% sRGB. However, this narrow-band spectrum proves challenging for a VHOE light guide, as the diffracted
image is viewable only within a limited viewing angle, hindering the complete image visibility.

200
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190 ¢
180 |
— SRG (Angular variation)
170 ¢

— VHOE (Angular variation)

Color Gamut Ratio to sSRGB (%)

160
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Figure 9. The color gamut ratio to sRGB vs. viewing angle
Here “"Common” means the common color gamut for all viewing angles, and means that the color gamut does not vary angularly.
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Table 1. A quantitative comparison of color gamut through different approaches

Type of Coupler SRG VHOE (W/o Multiplexing) VHOE (W/- Multiplexing)
Color gamut for narrow bandwidth (Laser-like) 194% 194% 194%
Color gamut for wide bandwidth (LED-like) 133% 50% 130%

In contrast, a broad-band spectrum, such as that produced by an LED, alters the color gamut triangle for an SRG light guide as viewing
angles change. The common color gamut decreases to 133% sRGB. Meanwhile, a VHOE light guide experiences erratic rotations of the color
gamut triangle, resulting in a common color significantly below the sRGB standard, rendering such a condition unacceptable.

To address this challenge and enhance color performance, we propose a novel multiplexing of two sets of holograms for a VHOE. By aligning
the peak wavelength around the middle of the diffraction for the entire FOV, the color gamut triangle undergoes minimal rotation. Our calcu-
lations demonstrate that the common color gamut can reach 130% sRGB, nearly matching that achieved by the SRG light guide. This innovation
clarifies the color performance of diffractive light guides like SRG and VHOE, rendering them suitable for high-quality near-eye glasses.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e METHOD DETAILS
O Calculation of color gamut in a light guide with DOEs
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Data and code availability
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METHOD DETAILS

Calculation of color gamut in a light guide with DOEs

Our Augmented Reality (AR) eyewear display, illustrated in below figure for the model of a diffractive light-guide system, is primarily
composed of two diffractive gratings, a guide plate, and a light engine with an illumination spectra of three primary RGB colors shown as
Figure 7B. Here, we should note that in our setup, the micro-display in light engine is located at the front focal plane of a projected lens.
The light from each pixel can be converted into a plane wave with a wave-vector, k; (as shown in the inserted plot in below figure), reaching
to the couple-in DOE with incident wavelength and angles of (4,0,¢). The angle (6, ¢) can then be considered as the corresponding viewing
angle of each pixel from the micro-display in our case. To calculate the color gamut perceived by the human eye for each viewing angle, the
color tri-stimulus for three primary colors must be calculated firstly. In order to accomplish this, we modify the formula of the tri-stimulus values
by integrating the diffraction efficiency of the diffractive grating,” and it can be written as,

Xi(0,¢) = / Si(A)m(A, 0, $)X(X)dA
Y.(6,4) = / SO0, 6, )y (M) d (Equation 1)
Z(0.9) = / ST (1, 0, $)Z(1)dA

where the S;is spectra of each primary color denoted as i = r, g, b; 5 is diffraction efficiency of diffractive grating; (6, ¢) is the incident angle of
plane wave corresponding to each pixel; and X(4), y(2),Z(1) present CIE 1931 2° standard observers for current AR glasses characteristic. The
RSoft is employed for simulating the diffraction efficiency of the SRG so that the color tri-stimulus can be obtained numerically. In contrast, for
VHOE, the equation, derived from coupled wave theory,”"*” reveals the diffraction efficiency varies with incident angles and wavelength can
be written as,

iScience 27, 110023, June 21, 2024 9
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|K12K21 | * sinhz(A’ * d)

n(A,0,¢) = (Equation 2)

AB: 2 2
- ) sinh® (A" x d)+ A’ % cosh” (A" x d)

where A’ is given by

2
A = (KoK — (A?ﬁ) (Equation 3)

We note k12 and k21 are coupling constants with the depth of index modulation, An and the plane wave from pixel on micro-display with
the incident angle of (6, ¢) and the corresponding diffracted angle of (84, ¢4) after the coupling DOE. They are given by

W*An* 1 ) _77r*An* 1 (Equation 4)
1 sin(@)cos(g) P T T2 sin(fq)cos (¢q) et

Ki2 =

and a momentum mismatch

AB =84 — B — K, (Equation 5)

where B4, 8, K, are wave-vector components along the z-axis of the incident light, the diffracted light and the coupling VHOE grating. They
are given by

B = 271rn0 xsin(f)cos(¢), By = 277rn0 *sin(04)cos(dy),

2 .
Ke = 2Ty « [sin(6')cos (7)) — sin(6')cos(#) (Equation ¢
9
where ng is the averaged index of refraction of the medium of the VHOE. g, (61', ¢1") and (62, ¢,") are the wavelength of light, incident angles
of the reference and signal waves, respectively during the recording of VHOEs. Thus, the color tri-stimulus for three primary colors can be
calculated as all the parameters are given according to the AR glasses system. The CIE 1931 x-y chromaticity coordinates of three primary
colors can then be obtained by the definitions,

10 iScience 27, 110023, June 21, 2024
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X; Y;
W) = v v v Equation 7
(xi, y1) ()<i+Yi+Zi X,-+Y,-+Z,-> (Equation 7)
where i =r, g, bis noted for each primary color. They are noted on the CIE chart for indicating the color gamut for different pixel on the micro-
display. With the parameters shown in Figure 5, we can obtain and show the color gamut of the incident light from the pixels with the cor-
responding incident angles of § = 0, £5° and ¢ = 0 as examples for both SRG and VHOE cases, shown in below figure. Following the same
steps, we can obtain all the color gamut shown in Figures 7 and 8 for the detail discussions in the main text.

SRG (-5.0°) ] » VHOE (-5.0°)
— SRG (0.0°) - . /}]0F (0.0°)
-~ SRG (+5.0°) ~— VHOE (+5.0°)

The color gamut of the viewing image, ¢ = 0,+5° ¢ = 0
(A) the SRG, (B) the VHOE.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this work, through theoretical derivation, we obtain the Equations 1, 2, 3, 4, 5, 6, and 7 in the section of method details. According to the
system parameters, we make numerical simulation by MATLAB software. Using the simulation data produced by MATLAB software, Figures 5,
7, and 8 shown in the main text were produced by GRAPHER from the raw data. Moreover, the diagrammatic Figures 1, 2, and 3 as well as
figure in the calculation of color gamut in a light guide with DOEs section are drawn by POWERPOINT software.
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