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A B S T R A C T

We present a penta-channel waveguide-based near-eye display as an ultra-wide-angle architecture for the met-
averse. The core concept is to divide one field of view into five by placing the couplers within the regions, where
only the subsets of field of view are located. Compared to its counterparts, including the single, double, triple and
quad channels, our penta-channel waveguide can push the envelope of field of view further. With the aid of k-
space diagram, the upper limit of field of view is illustrated and deduced. The design rules of the waveguide, 4-
level grating as the in-coupler, and two-dimensional binary grating as the out-coupler are expounded. Through
the rigorous coupled-wave analysis, the efficiencies of gratings can be calculated and optimized. As an overall
evaluation, its key performance indicators are summarized as follows. Field of view is 109◦ (diagonal), eye relief
is 10 mm, exit pupil is 6.2 × 6.2 mm2, and pupil uniformity is 54 %.

1. Introduction

Over the last three years, we have been witnessing a dramatic rise
and fall of metaverse [1]. Its hype peaked in 2021 when Facebook was
renamed as Meta and begun to cool down as soon as ChatGPT was
released in 2022, pivoting the public attention to artificial intelligence
(AI). Per Crunchbase, total metaverse investment in 2023 fell to $1.97
billion, down 66% from its 2021 peak [2]. This flash crash prompts us to
wonder what went wrong with metaverse. Macroeconomic factors and
other hardware components aside, we shall dig into near-eye displays
(NEDs) and understand how the metaverse is beset by two paradoxes
arising from this type of hardware. Paradox 1: the way NEDs are used
contradicts the fact that people tend to not put clunky things on their
heads. Especially for things weighing a few hundred grams. To solve this
paradox, we must either reduce the weight, or give them a must-have,
such as vision correction [3]. Otherwise, nobody wants a head-worn
device. Paradox 2: a negative correlation between performance and
design. For starters, to have a big field of view (FOV) for immersion, we
will need to enlarge the microdisplay or to shorten the focal length [4].
To have a high-fidelity image, we will need more lenses or other optical
elements to fix all sorts of aberrations [5]. To have a large exit pupil or
eye box, we will need to increase the lens aperture [6]. Unfortunately,

all of these will only add up to a bulkier or more complicated design,
which could be a deal breaker for many.

If have to sum up the evolution of NEDs into just one phrase, it would
be “get slimmer”. Of various efforts to slim down, the most effective one
is arguably to fold the light path. One example is pancake lenses [7–9],
which are being widely adopted in the non-transparent or virtual reality
(VR) NEDs, e.g., Apple Vision Pro. Another example is waveguides
[10–17], commonly seen in the transparent or augmented reality (AR)
NEDs, e.g., Microsoft HoloLens 2. As to which one is better, it is obvi-
ously the pancake lenses, when it comes to FOV, image quality and
supply chain. But in the long run, we still see in the latter a chance to
turn around. For now, the biggest hurdle for waveguides is the small
FOV. As a comparison, HoloLens 2 has a FOV of 52◦, while Vision Pro
100 to 110◦ [18]. However, HoloLens 2 debuted a concept known as
FOV division [19]. Later, inspired by this concept, dual-channel
[20–23], triple-channel [24], and quad-channel [25] waveguides were
proposed. As a further step, we hereby present a penta-channel wave-
guide-based NED, whose FOV is split into five. In the ensuing sections,
we will walk through its design, principles, and key performance
indicators.

* Corresponding author.
E-mail address: liushuxin@sjtu.edu.cn (S. Liu).

Contents lists available at ScienceDirect

Displays

journal homepage: www.elsevier.com/locate/displa

https://doi.org/10.1016/j.displa.2025.102999
Received 23 January 2025; Received in revised form 12 February 2025; Accepted 16 February 2025

Displays 88 (2025) 102999 

Available online 17 February 2025 
0141-9382/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:liushuxin@sjtu.edu.cn
www.sciencedirect.com/science/journal/01419382
https://www.elsevier.com/locate/displa
https://doi.org/10.1016/j.displa.2025.102999
https://doi.org/10.1016/j.displa.2025.102999
https://doi.org/10.1016/j.displa.2025.102999


2. Design rules

2.1. FOV division

To illustrate how the FOV is divided, as shown in Fig. 1, picture a
microdisplay being segmented into 5 zones and located at a focal length
f away from a lens. Let the FOV of zone 1/2/3/4/5 be denoted as FOV1/
2/3/4/5. By drawing out rays emitting from the boundaries of each zone, a
total of 15 regions or combinations of different FOVs could be identified.
The gray triangular region right beneath the lens is where all FOVs
overlap. Customarily, when an optical designer thinks of FOV, this is the
region he/she will relate to. But in our case, we turn our attention to the
light purple, yellow, red, green and blue regions, which are exclusive to
FOV1/2/3/4/5, respectively. Compared to other FOV division techniques
[19–25], the proposed one could enable more channels that were not
possible before. For instance, the polarization-based FOV division can
merely offer 2 channels [20]. Now, let the lengths of zone 1/2/3/4/5 be
x1/2/3/4/5. Thus, the FOV1/2/3/4/5 could be written in sequence as

FOV1 = tan− 1
(
2x1 + 2x2 + x3

2f

)

− tan− 1
(
2x2 + x3
2f

)

(1)

FOV2 = tan− 1
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2f

)
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(

x3
2f

)

(2)
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(

x3
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− tan− 1
(

x3
2f

)

(4)

FOV5 = tan− 1
(
2x4 + 2x5 + x3

2f

)

− tan− 1
(
2x4 + x3
2f

)
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2.2. Microdisplay

To practice the above concept and without loss of generality, we shall
exemplify with an organic light-emitting diode-on-silicon microdisplay
(Sony ECX343ENA) [26]. The same design rules also apply to other self-
emissive microdisplays, e.g., light-emitting diode [27]. Its parameters
are itemized in Table 1, where the resolution is WUXGA (1920 × 1200),
aspect ratio 1.6, panel size 0.68 in. (14.647 × 9.154 mm2), and distance
to lens (i.e., focal length f) 6.145 mm. The latter two parameters will
translate to a FOV of 109◦ (100◦ × 73◦). For FOV to be equally divided in
the horizontal direction, revisiting Eqs. (1)–(5), we shall set x1/2/3/4/5 to
3.775/2.464/2.167/2.464/3.775 mm. In this case, FOV1/2/3/4/5 = 20◦.

Fig. 1. Illustration of FOV division. Picture a microdisplay being segmented into 5 zones and located at a focal length f away from a lens. By drawing out rays
emitting from the boundaries of each zone, a total of 15 regions or combinations of different FOVs could be identified. The gray triangular region right beneath the
lens is where all FOVs overlap. The light purple, yellow, red, green and blue regions are exclusive to FOV1/2/3/4/5, respectively.

Table 1
Parameters for microdisplay.

Panel model Parameter Value

Sony ECX343ENA diagonal size 0.68 in. (17.272 mm)
horizontal size 14.647 mm
vertical size 9.154 mm
resolution 1920 × 1200
aspect ratio 1.6
distance to lens or f 6.145 mm
x1 3.775 mm
x2 2.464 mm
x3 2.167 mm
x4 2.464 mm
x5 3.775 mm
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2.3. Penta-channel waveguide

Fig. 2 shows a cross-section of the proposed penta-channel wave-
guide, with its five layers being labeled as channel 1/2/3/4/5. Both in-
coupling gratings (ICGs) and out-coupling gratings (OCGs) are operated
in transmissive mode. Unlike the orthodox waveguide designs, where

ICGs are placed within the region of FOV, our design places ICGs within
the regions of FOV1/2/3/4/5 so that FOV1/2/3/4/5 could be exclusively
coupled into their respective channels. As a result, ICGs are misaligned
rather than center-aligned. Considering the efficiencies of ICGs cannot
reach 100%, this misalignment of ICGs is particularly beneficial because
it prevents a channel from being affected by its adjacent channel. The
downside is that bigger waveguides are needed to accommodate these
ICGs. As to the waveguide material, a lanthanum dense flint glass
LASF35 (Schott) is chosen, whose refractive index nwg at 633/546/486
nm is 2.0149/2.0304/2.0471, yielding to a critical angle θc of 29.76◦/
29.51◦/29.25◦.

2.4. Upper limit of FOV

By means of wave vector or k-space diagram—a coordinate formed
by the x-components (kx) and y-components (ky) of wave vectors—the
transition of FOV from air to waveguide can be depicted as in Fig. 3. The
innermost and outermost circles demarcate the ranges of wave vectors in
air and waveguide, respectively. The FOV in air is divided into five sub-
FOVs along the horizontal direction. After entering the waveguide, all
sub-FOVs are supposed to overlap each other and to be tangent to the
innermost circle. Apparently, the minimum angle in waveguide is the
critical angle θc of total internal reflection. In the meantime, to allow a
pupil to be duplicated multiple times, the maximum angle θmax in
waveguide, which traces out a middle red circle in k-space, shall be
determined from [23]

θmax = tan− 1
(

Dp

2D

)

(6)

where Dp is the pupil diameter and D the waveguide thickness. With
aspect ratio being fixed to 1.6, the upper limit of diagonal FOV, FOVmax,
can be deduced as [24]

FOVmax = 2⋅tan− 1

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

tan2
(

FOVh

2

)

+ tan2
(

FOVv

2

)√ )

(7)

Fig. 2. Cross-section of penta-channel waveguide. Unlike the orthodox waveguide designs, where ICGs are placed within the region of FOV, our design places ICGs
within the regions of FOV1/2/3/4/5 so that FOV1/2/3/4/5 could be exclusively coupled into their respective channels.

Fig. 3. Transition of FOV from air to waveguide in k-space diagram. The FOV
in air is divided into five sub-FOVs along the horizontal direction. After entering
the waveguide, all sub-FOVs are supposed to overlap each other and to be
tangent to the innermost circle.
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where

FOVh = 2⋅sin− 1
(

nwg

nair
sin
(

Nc(θmax − θc)

2

))

(8)

and

FOVv = 2⋅tan− 1
(

tan(FOVh/2)
1.6

)

(9)

where FOVh/FOVv is the horizontal/vertical FOV, nair/nwg the refractive
index of air/waveguide, and Nc the number of channels. Provided Dp = 3
mm, D = 1.5 mm, and Nc = 1/2/3/4/5, FOVmax can be calculated with
respect to the refractive index of waveguide, as shown in Fig. 4. When
nwg = 1.8, FOVmax is 34◦/48◦/72◦/96◦/124◦ for the single/dual/triple/
quad/penta-channel waveguide.

2.5. In-coupling grating

The task of ICGs is to transfer the light from air to waveguide at a
high efficiency. One solid candidate for this purpose is the blazed grating
[28], which is characterized by a sawtooth profile. Interestingly, linear
as it may look, blazed grating is actually approximated by a multilevel
grating whether during calculation or fabrication [29]. Otherwise,
grayscale or direct-write lithography is necessary. To avoid ambigui-
ty—both gratings can be deemed as blazed as far as efficiency is con-
cerned—the former shall be referred to as sawtooth grating hereafter.
According to scalar diffraction theory, the efficiency η of the first order
of a multilevel grating is given by

η = η0
(

sinc2
(π

N

))
(10)

where η0 is the efficiency of sawtooth grating andN the number of levels.
As can be seen from Fig. 5, when the number of levels increases, the
efficiency of multilevel grating will infinitely approach that of sawtooth

Fig. 4. Upper limit of diagonal FOV with respect to the refractive index of waveguide. When nwg = 1.8, the upper limit of FOV is 34◦/48◦/72◦/96◦/124◦ for the
single/dual/triple/quad/penta-channel waveguide.

Fig. 5. Efficiency of multilevel grating relative to that of sawtooth grating. When the number of levels increases, the efficiency of multilevel grating will infinitely
approach that of sawtooth grating.
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Fig. 6. Profile of in-coupling grating, which is a 4-level grating. θi is the incident angle, θr the refracted angle of the first order, pi the grating period, and h1/2/3/4 the
grating height.

Fig. 7. Profile of 2D binary out-coupling grating, which is arranged into an array of cuboids. The grating height, widths and periods—both horizontal and verti-
cal—are ho, wo and po, respectively.

Fig. 8. Grating layout along with pupil footprints. The OCG consists of 10 × 7 sub-gratings. When light incident from ICG, as denoted by a purple out-of-plane arrow,
hits OCG, there will be one transmitted order (T(− 1,0)), as denoted by a green arrow, and five reflected orders (R(0,0), R(− 1,+1), R(− 1,− 1), R(0,+1), R(0,− 1)), as
denoted by red arrows.
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grating. This in part explains why in the layer-based rigorous coupled-
wave analysis (RCWA) [30], the calculation error of sawtooth grating
can be less than 1 % if N ≥ 19. In practice, the choice of N hinges on the
technology or process node of fabrication. As a viable option, a 4-level
grating is demonstrated, as shown in Fig. 6, where four grating
heights h1/2/3/4 are evenly distributed across the grating period pi.
Invoking the grating equation [22], incident angle θi, refracted angle θr
of the first order, nair, nwg, pi, and wavelength λ could be correlated via

nwgsinθr − nairsinθi =
λ
pi

(11)

For the sake of symmetry, we prefer to design with channel 3, which sits
in the middle of FOV. To make sure all fields satisfy the total internal
reflection conditions, the rightmost field (θi = − 10◦) shall correspond to
an angle no less than the critical angle. In our case, θr = 30◦. For a
wavelength of 546 nm, pi = 459.25 nm.

2.6. Out-coupling grating

The task of OCGs is to duplicate the pupils and to couple the light out
of waveguide. For two-dimensional (2D) pupil expansion, a 2D binary
grating is arranged into an array of cuboids, as shown in Fig. 7, where
the grating height, widths and periods—both horizontal and verti-
cal—are ho, wo and po, respectively. To differentiate from WaveOptics’
OCG [16], whose rows are staggered, rows of our OCG are aligned. To
conserve the field angle after out-coupling, the grating period of OCG
equals that of ICG, i.e., po = pi. To show how exit or output pupil is
expanded, the grating layout along with pupil footprints is depicted in
Fig. 8, where the OCG consists of 10 × 7 sub-gratings. When light
incident from ICG, as denoted by a purple out-of-plane arrow, hits OCG,
there will be one transmitted order (T(− 1,0)), as denoted by a green
arrow, and five reflected orders (R(0,0), R(− 1,+1), R(− 1,− 1), R(0,+1),
R(0,− 1)), as denoted by red arrows. As OCG is x-y symmetric, R(− 1,+1)
and R(0,+1) shall be equivalent to R(− 1,− 1) and R(0,− 1), respectively.

2.7. Pupil packing

Analogous to solving the circle packing problem [31]—except that
our pupils are allowed to overlap and be partially cropped—we shall
pack the pupils in OCG with the highest density ηp, which is defined as

ηp =
Ap

Aocg
(12)

where Ap is the area covered by duplicated pupils and Aocg the area of
OCG. When Dp = 3 mm and Aocg = 30 × 21 mm2, packing density is
plotted as a function of interpupillary overlap, as shown in Fig. 9. Un-
surprisingly, more pupils could be packed into hexagonal grids [16] than
into square grids. In the case of no overlapping, densities for square and
hexagonal grids are 78 and 90 %, respectively. For a higher density, one
way is to enlarge the overlap, but at the cost of interference. Another
way is to alter the shape of pupil to square since OCG itself is
rectangular.

Fig. 9. When Dp = 3 mm and Aocg = 30 × 21 mm2, packing density is plotted as
a function of interpupillary overlap. Unsurprisingly, more pupils could be
packed into hexagonal grids than into square grids. In the case of no over-
lapping, densities for square and hexagonal grids are 78 and 90 %, respectively.

Fig. 10. In-coupling efficiency of T(+1,0) versus the wavelength. If to sum all
efficiencies over the entire visible spectrum, the summed efficiency of 4-level
grating is 78 % of that of sawtooth grating, proving that 4-level grating can
be a decent substitute of sawtooth grating.

Fig. 11. In-coupling efficiency of T(+1,0) versus the incident angle. As to
angular bandwidth of efficiency exceeding 50 %, sawtooth and 4-level gratings
have 43◦ (− 7 to +36◦) and 48◦ (− 4 to +44◦), respectively.

Table 2
Parameters for the in-coupling grating in channel 3.

Grating Shape Parameter Value

in-coupling sawtooth base material LASF35
pi 459.25 nm
height 717 nm

4-level base material LASF35
pi 459.25 nm
h1 0 nm
h2 173.25 nm
h3 346.50 nm
h4 519.75 nm
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3. Results and discussion

3.1. In-coupling efficiency

For grating analysis, VirtualLab Fusion (Wyrowski Photonics
GmbH), which leverages RCWA method, is employed. To show the
difference between sawtooth grating and its 4-level equivalent in
channel 3, in-coupling efficiencies of T(+1,0) versus both wavelength
and incident angle are computed, as shown in Fig. 10 and Fig. 11,
respectively. Parameters used are listed in Table 2. The polarization is
transverse magnetic (TM) or 0◦. If to sum all efficiencies over the entire
visible spectrum, the summed efficiency of 4-level grating is 78 % of that
of sawtooth grating, proving that 4-level grating can be a decent sub-
stitute of sawtooth grating. At wavelengths of 486/546/633 nm, effi-
ciencies of sawtooth and 4-level gratings are 58/69/58 % and 52/61/54
%, respectively. As to spectral bandwidth of efficiency exceeding 50 %,
sawtooth and 4-level gratings have 290 nm (400 to 690 nm) and 218 nm

(400 to 577 nm& 627 to 668 nm), respectively. As to angular bandwidth
of efficiency exceeding 50 %, sawtooth and 4-level gratings have 43◦
(− 7 to +36◦) and 48◦ (− 4 to +44◦), respectively. On the whole, 4-level
grating is not as good as sawtooth grating. Yet, it could outrival many
other types of gratings, e.g., holographic [32,33] and liquid crystal
[34,35] gratings.

3.2. Out-coupling efficiency

For OCG in channel 3, its parameters are listed in Table 3. Unlike
ICG, whose energy is concentrated to one specific order, the energy of
OCG is spread out. To modulate the efficiency, both the grating height
and fill factor can be tweaked. To improve the uniformity, a rule of
thumb is to boost R(− 1,±1) while suppressing R(0,±1). As shown in
Fig. 12, when the fill factor is 50 %, efficiencies of T(− 1,0), R(0,0), R
(− 1,±1) and R(0,±1) are computed against the grating height. As shown
in Fig. 13, when the grating height is 550 nm, efficiencies of T(− 1,0), R
(0,0), R(− 1,±1) and R(0,±1) are computed against the fill factor. It can
be seen that each order shall be subject to different conditions to
maximize its efficiency. The maximum efficiencies of T(− 1,0), R(0,0), R
(− 1,±1) and R(0,±1) are 29 %, 100 %, 31 % and 15 %, respectively.

3.3. Pupil uniformity

The pupil uniformity is quantitatively assessed with the light guide
toolbox of VirtualLab Fusion. Because the FOV is equally divided and all
angles to be reflected in channel 1/2/3/4/5 are identical, only the
channel 3—where the FOV3 is located—is demonstrated. Fig. 14 shows
the ray tracing diagram of channel 3, where the wavelength is 546 nm,
incident angle 0◦, waveguide thickness 1.5 mm, and input pupil a circle
with a diameter of 3 mm. The size of ICG is 3× 3mm2. The size of OCG is
30 × 21 mm2. The distance between ICG and OCG is 9 mm. The input
FOV is 109◦ (100◦ × 73◦). Hence, if the eye relief is 10mm, the exit pupil
or eyebox will be 6.2 × 6.2 mm2. Via the parametric optimization, the
efficiencies of 70 sub-gratings could be fine-tuned to minimize the
uniformity error. From the electromagnetic field tracing, the intensity
map of duplicated pupils can be obtained, as shown in Fig. 15. The input
intensity of the source is normalized to 1 V2/m2. For the interpupillary
overlaps, coherent summations of electric fields are applied. As the
minimal and maximal intensities are 0.00026 and 0.00071 V2/m2,
respectively, the pupil uniformity is 54 %.

4. Conclusions

To push the envelope of FOV, a penta-channel waveguide-based NED
has been proposed. The following key performance indicators have been
met: FOV is 109◦ (diagonal), eye relief is 10 mm, exit pupil is 6.2 × 6.2
mm2, and pupil uniformity is 54 %. To be clear and concise, we would
like to boil down what we had done into three major contributions.
Contribution 1: one more channel to the FOV division. The multi-
channel waveguide is coming to the fifth iteration, i.e., penta-channel.
Contribution 2: a design of 4-level grating as an alternative to the
sawtooth grating. Spectral bandwidth wise, sawtooth grating wins.
Angular bandwidth wise, 4-level grating wins. Contribution 3: a design
of 2D pupil expander featuring an array of cuboids. Packing density as
well as order-wise efficiencies has been discussed. While the FOV of
waveguide-based NEDs is now on par with that of magnifier-based NEDs
[36], it is still unlikely that the waveguides will take over the magnifiers
in the VR sector anytime soon. That said, in the AR sector, waveguides
are expected to beat other competitors, e.g., reflectors [37–39] and
contact lenses [40–42], and claim the champion of this track.

Table 3
Parameters for the out-coupling grating in channel 3.

Grating Shape Parameter Value

out-coupling cuboid base material LASF35
po 459.25 nm
wo 0 to 459.25 nm
ho 0 to 800 nm

Fig. 12. When the fill factor is 50 %, efficiencies of T(− 1,0), R(0,0), R(− 1,±1)
and R(0,±1) are computed against the grating height.

Fig. 13. When the grating height is 550 nm, efficiencies of T(− 1,0), R(0,0), R
(− 1,±1) and R(0,±1) are computed against the fill factor.
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Fig. 15. Intensity map of duplicated pupils of channel 3. As the minimal and maximal intensities are 0.00026 and 0.00071 V2/m2, respectively, the pupil uniformity
is 54 %.
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