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Abstract: We propose a wide-field-of-view near-eye display featuring a dual-channel waveguide
with cholesteric liquid crystal gratings. Our dual-channel waveguide is capable of splitting the
field of view through the orthogonal polarization division multiplexing. To explain its mechanism,
a diagram of k-domain, which factors into both the waveguide size and the number of pupils, is
depicted. Our results demonstrate that the diagonal field of view reaches up to 80◦, eye relief is
10 mm, exit pupil is 4 × 3 mm2, and uniformity is 79%.

Keywords: near-eye display; field of view; dual-channel waveguide; exit pupil expander; cholesteric
liquid crystal grating

1. Introduction

In the display community, the story of near-eye displays (NEDs) [1] is dramatically
inspiring. For a very long time, this type of displays was sitting quietly in the corner. It was
not until a few years ago—thanks to the hype of augmented/virtual reality (AR/VR)—that
suddenly NEDs were thrust into the limelight. People are starting to believe that NEDs may
shift the paradigm and transform the way we see and interact with machines. Still, some
might argue that it is enough to have mature flat-panel displays (FPDs) [2,3] for AR/VR and
NEDs are not necessary. But what makes NEDs unique—among other traits—is something
called immersion, which could improve the user experience and ramp up the productivity.
To deliver immersion, a big field of view (FOV) is needed. For VR NEDs, it is not an
issue. But for AR NEDs—particularly those with waveguides [4–11]—FOV is definitely a
bottleneck. This is because the waveguides are inevitably engaged with the total internal
reflection (TIR), whose critical angle is responsible for a significant loss in FOV. To address
this matter, a number of solutions have been proposed. The most straightforward one is to
increase the refractive indices of waveguides. Both Schott and Corning—two giant glass
makers—have recently managed to supply the industry with AR-ready glass wafers with a
refractive index over 1.9. An alternative way is to bypass the TIR by directing the light non-
stop from the in-coupling grating to out-coupling grating [7]. By doing so, FOV no longer
hinges on the refractive index. Yet, the downside is the incapability of exit pupil expansion
(EPE). To take care of both FOV and exit pupil, Microsoft’s HoloLens gen 2 introduced a
butterfly-like EPE that leverages a split FOV mechanism [12]. Compared to its predecessor,
its FOV jumped from 35◦ to 52◦ [13]. However, this design also received much criticism.
Karl Guttag—a well-known AR/VR blogger—pointed out that HoloLens gen 2 suffered
from poor uniformity [14]. We attribute this problem to the partial overlapping—with a
shape of an inverted trapezoid—between the left and right EPE regions.

Over the course of evolution of technology, a two-step-forward-and-one-step-back
situation is not uncommon. Inspired by the said contributions, we hereby present a
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waveguide-based NED, in which FOV is split unidirectionally or one-way into two channels.
In the following sections, we will discuss how to design the dual-channel waveguide, and
explore its performance and merits.

2. Design Rules
2.1. Dual-Channel Waveguide

Figure 1 schematically draws the cross-section of dual-channel waveguide, the top
and bottom layers of which are referred to as channel 1 and channel 2, respectively. The
left and right half-FOVs shall be of orthogonal polarizations, e.g., left-handed and right-
handed circular polarizations. Gratings in channel 1—including the in-coupling and
out-coupling—are responsive merely to the light coming from the left half of FOV. Gratings
in channel 2, on the other hand, will take care of the rest of FOV, i.e., the right half. To evenly
expand the pupil, the out-coupling grating consists of five sub-gratings—abbreviated as
O1/O2/O3/O4/O5—with their efficiencies being modulated. For the sake of big FOV,
RealView glass (Schott) [15] is chosen as the material of waveguide, whose refractive index
nwg at 546 nm is 1.91048, yielding to a critical angle θc of 31.57◦. For the light inside the
waveguide to be reflected at angles greater than θc, gratings of channel 1 and channel 2
are tilted by θ1 and θ2, respectively. Other physical parameters regarding the waveguide
and gratings, as shown in Figure 2, can be also found in Table 1, where W/H/D is the
width/height/thickness of waveguide, Wi/o/Hi/o the width/height of in/out-coupling
grating, and Lio the distance between the in-coupling and out-coupling gratings.
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Figure 1. Cross-section of dual-channel waveguide, the top and bottom layers of which are referred
to as channel 1 and channel 2, respectively. The left and right half-FOVs shall be of orthogonal polar-
izations, e.g., left-handed and right-handed circular polarizations. Gratings in channel 1—including
both the in-coupling and out-coupling—are responsive merely to the light coming from the left half
of FOV. Gratings in channel 2, on the other hand, will take care of the rest of FOV, i.e., the right half.

Table 1. Parameters of waveguide and gratings.

Object Parameter Value

Waveguide

W 36 mm
H 24 mm
D 1.67 mm

nwg (633/546/486 nm) 1.89781/1.91048/1.92411
θc (546 nm) 31.57◦

In-coupling grating
Wi 4 mm
Hi 12 mm

θ1/2 +16◦/25◦

Out-coupling grating

Wo 20 mm
Ho 12 mm
Lio 8 mm

θ1/2 −16◦/25◦
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Figure 2. Plan view of dual-channel waveguide. To evenly expand the pupil, the out-coupling grating
consists of five sub-gratings—abbreviated as O1/O2/O3/O4/O5—with their diffraction efficiencies
being modulated. W/H/D is the width/height/thickness of waveguide, Wi/o/Hi/o the width/height
of in/out-coupling grating, and Lio the distance between the in-coupling and out-coupling grating.

2.2. Number of Pupils

For a given field θwg—measured within the waveguide—its pupil will be duplicated
by the number of TIRs NTIR, which can be determined from

NTIR =
Wo

2D tan θwg
(1)

As shown in Figure 3, when θwg < θc (31.57◦), TIR does not occur. When θwg ≥ θc, the
number of TIRs decreases all the way to 0. Say the number of duplicated pupils is supposed
to be no less than 5. Then, the upper limit of field θmax will max out at 50◦. Hence,
5 ≤ NTIR < 10 and 31.57◦ ≤ θwg ≤ 50◦.
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Figure 3. Number of duplicated pupils with respect to the angle relative to the waveguide normal.
When θwg < θc (31.57◦), TIR does not occur. When θwg ≥ θc, the number of TIRs decreases all the way
to 0. Say the number of duplicated pupils is supposed to be no less than 5. Then, the upper limit of
field θmax will max out at 50◦.
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2.3. k-Domain

In an ideal scenario—when the waveguide can be infinitely large or curved or in-
homogeneous, and minimally required number of TIRs or pupils is not considered—the
theoretical boundary of k-domain solely depends on the refractive index of medium once
the wavelength λ is given [11]. However, for a finite, flat, homogeneous waveguide,
there shall exist a practical boundary of k-domain that will be defined by a circle with a
radius Rmax

Rmax =
2πnwg

λ
sin θmax (2)

Suppose the input FOV is 80◦, i.e., 72◦ (horizontal) × 45◦ (vertical), and the gratings of
channel 1 and channel 2 could couple the light in and out such that:

sin−1
(

nair sin θair
nwg

)
+ θ1/2 = θwg − θ1/2 (3)

where nair is the refractive index of air, θair the field measured in air, and θwg the field
measured in waveguide. When λ = 546 nm, nwg = 1.91048, θmax = 50◦ (for the mini-
mal NTIR = 5), and θ1/2 = 16◦/25◦, k-domain can be plotted, as shown in Figure 4, in
which green/blue rounded rectangle denotes the left/right-half FOV, innermost circle the
theoretical boundary in air, and intermediate/outermost circle the practical/theoretical
boundary in waveguide. It can be seen that, after splitting, two half-FOVs are located
at the same side of k-domain, meaning that the EPE regions of two channels could be
seamlessly overlapped.
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2.4. Cholesteric Liquid Crystal Grating

In search of the gratings that would do the said jobs, we resort to the cholesteric liquid
crystal (CLC) grating for several reasons. Number one, it is polarization-sensitive, i.e., only
responsive to circularly polarized light of certain handedness [16]. Number two, it can be
made achromatic by stacking or other multi-color techniques [17] so as to minimize the
number of layers of waveguides. Since its reflection is per se a type of Bragg diffraction, the
reflected wavelength λB and incident angle θi shall be correlated via

mλB = p cos θi

√
(n2

e + 2n2
o)/3 (4)

where m is the diffraction order, p the helical or chiral pitch, and ne and no the extraordinary
and ordinary refractive indices of liquid crystal, respectively. As Equation (4) indicates,
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CLC exhibits both wavelength and angular selectivity. In order for the gratings to be
wide-band as well as wide-angle, a stack of CLCs satisfying different Bragg conditions are
essential. Number three, CLC lends itself to waveguide couplers for its high efficiency and
variable grating normal. The former can be guaranteed as long as the CLC is sufficiently
thick to be a polarization volume grating. The latter is achieved by introducing a geometric
or Pancharatnam–Berry (PB) phase through photoalignment [16] or holography [18] to
CLC such that its grating normal can be tilted by the angle θ1/2 as [19]

sin θ1/2 =
p

2Λ
(5)

where Λ is the PB pitch, also known as the alignment pitch. It is worth noting that
Equation (5) is only valid for the slanted, thick CLC configuration. As for other possible
CLC configurations, the calculation of grating normal will be subject to change [20].

3. Results and Discussion
3.1. Field of View, Eye Relief and Exit Pupil

Figure 5 shows the geometric relationship among the FOV, eye relief (ER) and exit
pupil (EP). With both the grating and optical adhesive sandwiched in between being
ignored and applying the trigonometry together with Snell’s law, this relationship could be
formulated as [11]

EP = Wo/Ho − 3·D· tan

sin−1

nair sin
(

FOV
2

)
nwg

− 2·ER· tan
(

FOV
2

)
(6)

from which one takeaway is that a big FOV tends to have a small exit pupil. For FOV = 72◦

(horizontal) × 45◦ (vertical) and ER = 10 mm, EP = 4 × 3 mm2. Incidentally, in addition to
scaling up the waveguide or to shortening the eye relief [21], another solution is to make
the waveguide movable to accommodate the variation of interpupillary distance.
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Photonics 2021, 8, 557 6 of 10

3.2. Grating Efficiency

Table 2 lists the parameters for our tri-layer-stacked CLCs, whose Bragg wavelength,
thickness, chiral pitch, and thickness-to-pitch ratio are specified. The calculation of stacked
CLCs follows from the 4×4 matrix method [22]. As for the spectral bandwidth, the
reflection efficiency or reflectance is computed with respect to the wavelength, as shown
in Figure 6. The spectral bandwidth of reflectance from 45% to 50% for the red (R)/green
(G)/blue (B) color is 47/40/34 nm, which is compatible with the light-emitting diodes as
the light source. As for the angular bandwidth, reflectance is computed with respect to
the incident angle—measured relative to the grating normal—as shown in Figure 7. The
angular bandwidth of reflectance from 45% to 50% for R/G/B is 50/52/52 degrees, which
is wide enough to cover half of the FOV.

Table 2. Parameters for stacked CLC gratings.

CLC Layer Bragg Wavelength Parameter Value

R 633 nm
d 8 µm
p 422.16 nm

d/p 18.95

G 546 nm
d 8 µm
p 364.30 nm

d/p 21.96

B 486 nm
d 8 µm
p 324.28 nm

d/p 24.67
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Figure 6. Reflectance with respect to the wavelength. The spectral bandwidth of reflectance from
45% to 50% for the R/G/B color is 47/40/34 nm, which is compatible with the light-emitting diodes
as the light source.
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Figure 7. Reflectance with respect to the incident angle. The angular bandwidth of reflectance from
45% to 50% for R/G/B is 50/52/52 degrees, which is wide enough to cover half of the FOV.

3.3. Uniformity

With VirtualLab Fusion, the location of duplicated exit pupils can be obtained by
tracing the rays of central field, as shown in Figure 8, where the entrance pupil is circular
and 4 mm across. In order for the duplicated pupils to be uniform, by setting the uniformity
error of the detector as the merit function and employing the Nelder–Mead or downhill
simplex method, the normalized grating efficiencies of the reflected zeroth (R0) and first
(R1) orders are tweaked as in Table 3. The uniformity, defined as

Uniformity =
2Imin

Imax + Imin
(7)

where Imax and Imin are in turn the maximum and minimum intensities, can be analyzed by
calculating the electromagnetic fields at the detector, as shown in Figure 9. The overlapped
regions of pupils, where the light interferes with one another, are treated with coherent
summation. As Imax = 0.2337 V2/m2 and Imin = 0.1510 V2/m2, the uniformity is 79%.

Table 3. Normalized efficiencies of gratings.

Grating Efficiency of R0 (%) Efficiency of R1 (%)

In-coupling 100 0
O1 89.687 10.313
O2 90.260 9.740
O3 89.521 10.479
O4 88.285 11.715
O5 72.735 27.265
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4. Conclusions

In conclusion, a wide-field-of-view NED with a dual-channel waveguide and design
rules thereof have been studied. Instead of splitting the FOV by direction [11,12], our
method is to split the FOV by polarization. The most important benefit is that the EPE
regions of different channels could be overlapped. This could not only maximize the
waveguide real estate or active area, but also improve the uniformity. In what follows, its
key performance is recapitulated. FOV is 80◦ (diagonal), ER = 10 mm, EP = 4 × 3 mm2,
and uniformity is 79%.
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5. Patents

In light of the potential impact of this work, one invention patent (application number:
202111225152.8) was filed to China National Intellectual Property Administration on 21
October 2021.
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