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Abstract: We present here an optical approach to boost the apparent pixel density by utilizing
the superimposition of two shifted-pixel grids generated by a Pancharatnam-Berry deflector
(PBD). The content of the two shifted pixel grids are presented to the observer’s eye
simultaneously using a polarization-multiplexing method. Considering the compact and
lightweight nature of PBD, this approach has potential applications in near-eye display
systems. Moreover, the same concept can be extended to projection displays with proper
modifications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Virtual reality (VR) offers eye-opening immersive experiences, where the artificial simulated
environment can be as fascinating as the real one. Empowering the immersive user experience
necessitates high-performance displays that could satisfy the fastidious requirements of the
human visual system, including but not limited to high pixel density, large pixel number,
wide field-of-view (FOV), and high refresh rate. Currently, mainstream commercial VR
product manifests ~6 arcmins angular resolution with 100° FOV, while human eyes with
20/20 vision can resolve 1 arcmin. That is to say, a six-fold enhancement in resolution density
is required. For a low-resolution display, the screen-door effect caused by the black matrix
degrades the desired immersive experience considerably [1]. To mitigate the screen-door
effect, display panels with reasonable size and a large number of pixels per inch (PPI) is
urgently needed. Recently, display panels with over 1000 pixels per inch have been
demonstrated [2], although not in mass production. They will reach the required human eye
acuity within a factor of two. In spite of the challenges in manufacturing high PPI panels, as
the pixel density increases, display luminance may decrease because of the reduced aperture
ratio [3], and data flow rate in driving electronics will also increase accordingly. Foveated
displays [4,5], making use of the varying resolution in the human visual system, provide an
ultra-high resolution in the fovea region but a relatively low one in the peripheral. This
approach offers an elegant design balance between FOV and panel pixel density, lowering the
total pixel numbers while providing satisfactory high-resolution experience. However, it
demands extra gaze-tracking apparatus [6] and beam steering module in the headset to make
the high-resolution region following the eye movement.

Several approaches to boost the apparent pixel density of a display system have been
proposed. For instance, a mechanical image shifter [7] can be utilized to generate spatially-
displaced pixel grids in each sub-frame and then superimpose them to achieve higher
resolution for projection displays. However, a vibrating image shifter in head-mounted near-
eye displays is apparently not as tolerable as that in projection systems. Moreover, this
approach also results in decreased framerate, which is unwanted in virtual reality contents that
need fast motion picture response time in order to suppress image blurs [8]. To avoid
mechanical vibration and framerate reduction, other approaches using optically overlaying
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and stacking displays have been developed [9-11]. Although they are able to offer higher
pixel density, using multiple display panels usually causes decreased aperture ratio and lower
optical efficiency.

In this paper, an optical approach based on polarization multiplexing instead of time
multiplexing in our previous work [12] is proposed to enhance resolution density without
compromising frame rate. This approach consists of separating each physical pixel spatially
into two virtual pixels with subpixel precision using a passive polymer-based Pancharatnam-
Berry phase [13,14] deflector (PBD) [15—18] and thus creating a new apparent pixel grid with
smaller effective pixel pitch. Moreover, a pixelated polarization management layer is used to
determine the separation ratio between two virtual pixels; thus both virtual pixel grids could
display desired image content simultaneously without sacrificing frame rate. With our
approach, the higher pixel density the display panel has, the more enhancement there will be.
And it could also be easily integrated into foveated display systems due to its simple and
compact optical structure.

2. Operation principle

The operation principle of our approach is to separate each original pixel into two virtual
pixels optically and thus create a new pixel grid with higher pixel density, as Fig. | illustrates.
For a display panel with pixel pitch P, the diagonal shifting length from original pixel to
virtual pixels should be NEYJ 4, so that a new pixel grid with half a pixel pitch can be
generated.
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Fig. 1. Schematic diagram describing the principle of resolution enhancement by the shifted
superimposition method. (a) From the perspective of pixel, each original pixel (green) with
pitch P is separated diagonally into two virtual pixels (blue and yellow). (b) From the panel
perspective, the original panel is split into two virtual panels. (c) A new pixel grid (orange)
with half a pixel pitch (P/2) is formed by superimposition of two virtual panels.

In a VR system, the light from each pixel is collimated by a refractive lens before entering
the observer’s eye, as Fig. 2 depicts. In other words, the different locations of each pixel are
mapped onto different directions of a collimated light beam. Therefore, instead of
mechanically shifting the display panel, it is also possible to get the desired image
displacement by changing the direction of light after the collimating lens. A grating can
achieve this functionality.
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Fig. 2. A typical optical design for virtual reality. Pixel locations in the panel are mapped to
different directions of nearly collimated beams by the lens.

Here, a PBD in the Raman-Nath regime [19] is chosen to function as the pixel separation
component, considering its high diffraction efficiency in the + 1 orders and polarization
selective nature. Polymer based PBDs have shown great potential for display applications
[20-22] because of its nearly 100% diffraction efficiency [23,24] and fabrication simplicity
[25-31]. Figure 3 illustrates the liquid crystal orientation and characteristic polarization
selectivity of a PBD. If an unpolarized light or linearly polarized light is incident on a PBD,
then the left-hand and right-hand circularly polarized (LCP and RCP) component is deflected
into + 1 and —1 order, respectively.
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Fig. 3. Illustration of orientation distribution of local liquid crystal anisotropy director in a

polymer PBD. The thickness d satisfies the half-wave plate condition and the period A is
determined by the desired separation angle of the two virtual pixel grids.

Making use of the polarization selective nature of PBD, the brightness separation ratio
between two virtual pixels can be tuned by modulating the ratio between LCP and RCP
fraction of input light using a pixelated polarization modulation layer (PML). Each pixel of
the PML is a twisted nematic liquid crystal cell, applied to change the polarization state of the
output beam. With pixelized intensity and polarization modulation from the display panel and
PML, the pixel value of the two separated pixels from an original pixel can be assigned
independently and simultaneously. Thus, the desired image content can be displayed on the
two virtual pixel grids at the same time, as Fig. 4 shows. Without a pixelated PML, the PBD
may still help to fill the black matrix but does not enhance the resolution because the two
orthogonal polarizations share the same image content.
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Fig. 4. Schematic illustration of the resolution enhanced near-eye display system based on
polarization multiplexing. PBD: Pancharatnam-Berry deflector; L: lens; and PML: polarization
modulation layer.

3. Experiment
3.1 Pancharatnam-Berry deflector

Photo-alignment method is applied to fabricate the PBD. A thin photo-alignment film
(Brilliant Yellow, from Sigma-Aldrich) was spin-coated on a glass substrate. The coated
substrate was directly exposed by the desired interference pattern generated by the circularly
polarized beams with opposite handedness. To minimize environmental perturbations during
the device fabrication process, a modified Sagnac interferometer was applied to fabricate the
PBD [25], as Fig. 5 shows. The collimated linearly polarized laser beam (A = 457 nm) is split
into two beams with TE and TM polarizations by a polarizing beam splitter (PBS). Both
beams emerging from the PBS travel around all three arms in opposite directions and
recombine with each other at the PBS. Then the TE and TM beams are converted to LCP and
RCP with only one quarter-wave plate. This common-path exposure design for PBD is robust
to environmental vibrations, offering excellent contrast and fringe stability yet with a reduced
requirement in laser coherence length, which increases the yield rate of high-quality PBD
with a lower-cost laser.

M2
Laser M : Dielectric mirror
OL : Objective lens
PH :Pinhole
CL : Collimating lens
CL BS  : Beam splitter
oL ) PBS PBS : Polarizing beam splitter
> QWP : Quarter-wave plate
Ml | - M3 S : Substrate
|| v
PH - Qwp
. [

Fig. 5. Polarization holography setup for generating the LC orientation pattern in PBD devices.

After exposure, the substrate was coated with a diluted liquid crystal (LC) monomer
(RM257), whose thickness satisfies the half-wave requirement at green wavelength, and then
cured by a UV light, forming a cross-linked LC polymeric grating film. More details about
PBD fabrication procedures are described in [25].

3.2 Image factorization

In order to generate two low-resolution images for the virtual panels, an optimization process
is constructed to achieve the desired high-resolution image [12]:
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where Tis a vector made up of the pixel values from the target high-resolution image to be
displayed, M is the mapping matrix between image contents on the two virtual panels ( V,and

V, ) and generated image R from the proposed system. Without losing generality and for a

simple example, the mapping procedure is demonstrated in Fig. 6. The pixel values are
rearranged as vectors in the manner shown in Fig. 6(a). In this case, the elements in the 9"
row of mapping matrix M , corresponding to the 9" pixel in the high-resolution image, are
zeros except for the 2™ and the P + 6™ columns, representing the pixel locations to be added
in two virtual panels. For a high-resolution input image, it is factorized into two low-
resolution images by Eq. (1). Then, the calculated pixel values from two virtual panels are
compared to determine the luminance separation ratio for each pixel. The separation ratio is
then passed to a calibrated PML to generate needed polarization states for each pixel.
Meanwhile, the pixel values from two virtual panels are added together and then passed to the
display panel to provide total needed luminance before pixel separation. The algorithm here is
developed for the square pixel lattice, but the principle can be applied to other pixel
arrangements such as PenTile™ matrix for OLED. Without the algorithm, the overlapping of
shifted pixels may lead to considerable crosstalk between adjacent pixels, especially for the
panels with a large aperture ratio.
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Fig. 6. (a) Pixel illustration and (b) mapping matrix construction for image generation.
3.3 Polarization modulation layer

Several methods have been developed to modulate the polarization state (LCP/RCP ratio) of
light from each pixel, among which the combination of a polarization rotator (PR) and a
quarter-wave (A/4) plate is commonly used, as shown in Fig. 7. Firstly, the orientation angle
of linearly polarized light from the display is rotated by PR, such that the desired separation
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ratio is embedded as the TE/TM ratio. After that, all the polarized lights with different
orientation angles are converted to elliptically polarized beams by the A/4 plate. In this way,
the TE/TM ratio are remapped as LCP/RCP ratio, which is the intrinsic orthogonal
polarization pair of PBDs. As a proof of concept, in the demonstration system, a pixelated
twisted-nematic (TN) LC panel and a A/4 plate are combined to work as the PML. The TN LC
cell is acquired by peeling off a polarizer from an LCD panel. TN LCD [32] has been widely
used in the display industry for its broadband performance, and here it works as a PR to rotate
the polarization orientation angle. With linearly polarized input, the polarization state of the
output beam from a TN cell can be tuned by applying a different voltage across the cell. It
should be noticed that, although the output light is no longer linearly polarized, the ratio
between TE and TM polarizations can still be tuned through the TN polarization rotator.
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Fig. 7. (a) Schematic illustration and (b) experimental implementation of the polarization
modulation layer. The polarization orientation angle of the light from the display is rotated by
the polarization rotator. Then a quarter-wave plate is utilized to convert the TE/TM ratio to
RCP/LCP ratio, for the desired separation ratio after PBD.

3.4 Results and discussions

In the experiment, a resolution target ‘Siemens star’ was used as an example to demonstrate
the resolution enhancement effect. The display panel and the PML have a resolution of
800x480 and a size of 5 inches. The focal length of the viewing lens is 55 mm, and the period
of the fabricated PBD is controlled to be ~0.6 mm for the desired shift. In comparison with
the apparent image captured at the original resolution [Fig. 8(a)], the resolution enhancement
is clearly observed, especially at the sloped contours [Fig. 8(b)]. Moreover, the screen-door
effect is significantly reduced, and the boundaries between pixels are not so apparent as the
original image. It should be mentioned that the PML adapted from a commercial LCD panel
is not designed for polarization modulation, which may lead to some crosstalk between
adjacent pixels, depending on the distance between the definition layers of PML and the
display panel. A display panel with relatively confined angular intensity distribution could be
helpful to reduce the pixel crosstalk. Besides, as a common issue for cascaded panels, Moiré
patterns induced by the similar spatial frequency of display panel and PML may decrease the
image quality, although it is not very apparent in our experimental results. Additional optical
engineering may be needed to eliminate the Moiré patterns, such as using a diffuser film in
between two panels [33]. Moreover, the PBD can also be placed between the PML and the
lens in Fig. 4, reducing the angle of incidence on it, which can be helpful to avoid reduced
diffraction efficiency of PBD at oblique incidence. Since the grating period of PBD utilized
here is around one thousand times longer than the visible wavelength, the chromatic
dispersion of deflection angle induced by PBD is negligible. Although the off-axis shifting
angle of PBD is different from the on-axis one, a corrected image is still achievable through
an improved image rendering process together with the digital aberration correction for the
eyepiece lens.
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Fig. 8. Images captured through a camera with (a) original and (b) enhanced resolution of a
“Siemens star” resolution target and an athletic shirt. The screen door effect is reduced, and the
pixel density is doubled simultaneously.

4. Conclusion

A resolution enhancement method for near-eye display system is proposed and
experimentally validated. This system, benefiting from the polarization selective nature of
PBDs, can provide high-resolution images for viewers without sacrificing the display frame
rate. The screen-door effect is also significantly reduced since the original black matrix is
now filled by shifted pixels. The proposed resolution enhancement method has potential
applications for projection and near-eye displays.
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