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Abstract: Compact and high efficiency microdisplays are essential for lightweight augmented reality
(AR) glasses to ensure longtime wearing comfort. Liquid-crystal-on-silicon (LCoS) is a promising
candidate because of its high-resolution density, high brightness, and low cost. However, its bulky
illumination system with a polarizing beam splitter (PBS) cube remains an urgent issue to be overcome.
To reduce the volume of the LCoS illumination system, here, we propose a compact structure with
four thin PBS cuboids. Through simulations, the optical efficiency of 36.7% for an unpolarized input
light can be achieved while maintaining reasonably good spatial uniformity. Such a novel design is
expected to have a significant impact on future compact and lightweight AR glasses.

Keywords: augmented reality (AR); liquid-crystal-on-silicon; polarizing beam splitter; formfactor;
high efficiency

1. Introduction

Augmented reality (AR) and virtual reality (VR) are innovative display technologies
with the potential to revolutionize the way we experience the world [1–7]. VR devices
immerse users in entirely virtual environments, although video pass-through capabilities
can be realized using cameras. AR superimposes digital content onto the real world directly
and both virtual and physical objects can be viewed directly, which enables vast applications
in education, engineering, training, retail, marketing, navigation, healthcare, etc. [8–12].
AR experiences can be accessed through various devices, including smartphones, tablets,
and smart glasses. Among these, the glasses-type ARs are expected to be the optimal
choice because of their unparalleled compact form factor, lightweight design, and seamless
integration of digital content into the physical world.

AR glasses usually consist of two main components: a light engine for generating
digital content and an optical combiner for superimposing the virtual digital content with
the real world. Different optical systems have been investigated and employed in prosumer
products [13]. Moreover, several promising light engines, such as liquid-crystal-on-silicon
(LCoS), LED-on-silicon (different from micro-LED on glass), organic LED, and laser beam
scanning, have been developed [14]. Recently, the question of whether LED-on-silicon or
LCoS is the superior technology has been the subject of heated debate. Each technology
has its own pros and cons. Micro-LED is an emissive display technology that promises to
revolutionize visual experiences with high peak brightness, fast response time, true dark
state, and long lifetime, but its manufacturability remains to be overcome [15–17]. On the
other hand, LCoS is a non-emissive reflective projection display that requires illumination
optics [18]. The conventional LCoS system is facing tremendous challenge due to its bulky
illumination optics, which often incorporates a polarizing beam splitter (PBS) cube, as
shown in Figure 1a. Several approaches have been proposed to dramatically reduce the
illumination volume of the LCoS pico-projector [19–21]. However, the optical efficiency is
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often compromised, and the fabrication process is relatively sophisticated. LCoS design
with two PBS films as the illumination optics has been proposed earlier [22]. However,
it only reduces the system volume by half, and the illumination uniformity still requires
further improvement.
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Figure 1. (a) Conventional LCoS illumination optics with a PBS cube. (b) Our proposed compact LCoS
projection system with 4 PBS cuboids and 2 HWP films. (c) Polarization control inside the system.

In this paper, we propose a new design for the LCoS illumination system with four thin
PBS cuboids to reduce the formfactor. The volume of the proposed illumination system is
only 25% of the conventional PBS-based system. The system effectiveness is demonstrated
by our simulation results. A reasonably high optical efficiency of 36.7% for an unpolarized
light source and good illumination uniformity are achieved.

2. Methods

The proposed compact LCoS system is depicted in Figure 1b,c (side view). Two syn-
chronized edge-lit LED sources provide field sequential color (FSC) illumination to the
system. As Figure 1c depicts, the incident unpolarized lights from both left and right edges
come from the same mini-LED array, and they are synchronized for FSC operation. For the
convenience of discussion, let us assume the PBS 1 and PBS 4 cuboids reflect s-wave (yellow
arrows) and transmit p-wave (green arrows). The reflected downward s-wave is modulated
by the LCoS panel and converted to p-wave, which in turn transmits through PBS 1 and
PBS 4, respectively. The p-wave passing through PBS 1 (and PBS 4) is converted to s-wave
by the following half-wave plate HWP 1 (and HWP 2). Subsequentially, these s-waves
are reflected toward the bottom LCoS panel by the PBS 2 and PBS 3 cuboids, respectively.
The reflected beams from the LCoS panel are converted to p-wave and then pass through
the PBS 2 and PBS 3 cuboids, respectively. As a result, all the four outgoing beams are
p-polarized, as Figure 1c depicts. A sheet polarizer placed on top of the PBS array helps to
clean up the polarization state. The output light can be collimated by specifically designed
projection optics for AR display applications.

3. Simulations

Ray-tracing simulations were conducted using LightTools software (version 9.1.1)
The edge-lit sources provided a uniform angular intensity within ±20 degrees for the
simulations. The LCoS panel size in our simulation was 4 mm by 4 mm, ensuring over
1000 by 1000 pixels since a small LCoS pixel of 4 µm can be achieved nowadays. The total
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LCoS reflectance is assumed to be 70% for simulating the bright-state performance [23].
The 90◦ MTN cell provides a high reflectance of 80% after considering the fringe field effect.
Additionally, the reflectance of the bottom pixelated aluminum mirror is about 90%; thus,
the total LCoS reflectance is about 70% in our simulations. The four PBS films and two
HWPs are immersed in an NBK7 cuboid (length: 5.3 mm, width: 4.5 mm, height: 1.125 mm)
through our simulations. The size of the cuboid is slightly larger than the LCoS panel
to avoid total internal reflection on the cuboid side surface, as the radiation cone of the
reflected light from LCoS panel can be as large as 20 degrees. As Figure 1a depicts, the
height needs to be at least 4.5 mm to achieve illumination on the same LCoS panel size
with a conventional PBS cube. However, in our four-PBS design, the height is reduced to ¼,
i.e., the effective volume is reduced by fourfold.

The optical performance of the compact LCoS system is closely related to the employed
polarizing components. PBS films with a multilayer structure as shown in Figure 2a are
essential to achieve high-performance near-eye displays. The transmittance and reflectance
of the employed PBS films are presented in Figure 2b, which show a high contrast ratio
of over 900:1 for the reflection mode and 11,400:1 for the transmission mode. Such high-
performance PBS films are commercially available from 3M. The PBS cube includes a
PBS film coating sandwiched between two glass prisms. Additionally, the HWPs exhibit
excellent achromatic behavior when the incident angle is within ±20◦, as illustrated in
Figure 2c. The phase retardance gradually decreases as the incident angle increases, which
is also beneficial for our system as the reflected light from the LCoS panel may pass through
the HWP with a large incident angle. Most of the light after the HWP will keep the original
polarization state and will not affect the illumination uniformity seriously. The thickness of
the PBS films and HWPs is 0.1 mm in our simulations for more reliable investigation of the
illumination uniformity and stray light.

Photonics 2024, 11, 669 3 of 7 
 

 

3. Simulations 
Ray-tracing simulations were conducted using LightTools software (version 9.1.1) 

The edge-lit sources provided a uniform angular intensity within ±20 degrees for the sim-
ulations. The LCoS panel size in our simulation was 4 mm by 4 mm, ensuring over 1000 
by 1000 pixels since a small LCoS pixel of 4 µm can be achieved nowadays. The total LCoS 
reflectance is assumed to be 70% for simulating the bright-state performance [23]. The 90° 
MTN cell provides a high reflectance of 80% after considering the fringe field effect. Ad-
ditionally, the reflectance of the bottom pixelated aluminum mirror is about 90%; thus, the 
total LCoS reflectance is about 70% in our simulations. The four PBS films and two HWPs 
are immersed in an NBK7 cuboid (length: 5.3 mm, width: 4.5 mm, height: 1.125 mm) 
through our simulations. The size of the cuboid is slightly larger than the LCoS panel to 
avoid total internal reflection on the cuboid side surface, as the radiation cone of the re-
flected light from LCoS panel can be as large as 20 degrees. As Figure 1a depicts, the height 
needs to be at least 4.5 mm to achieve illumination on the same LCoS panel size with a 
conventional PBS cube. However, in our four-PBS design, the height is reduced to ¼, i.e., 
the effective volume is reduced by fourfold.  

The optical performance of the compact LCoS system is closely related to the em-
ployed polarizing components. PBS films with a multilayer structure as shown in Figure 
2a are essential to achieve high-performance near-eye displays. The transmittance and re-
flectance of the employed PBS films are presented in Figure 2b, which show a high con-
trast ratio of over 900:1 for the reflection mode and 11,400:1 for the transmission mode. 
Such high-performance PBS films are commercially available from 3M. The PBS cube in-
cludes a PBS film coating sandwiched between two glass prisms. Additionally, the HWPs 
exhibit excellent achromatic behavior when the incident angle is within ±20°, as illustrated 
in Figure 2c. The phase retardance gradually decreases as the incident angle increases, 
which is also beneficial for our system as the reflected light from the LCoS panel may pass 
through the HWP with a large incident angle. Most of the light after the HWP will keep 
the original polarization state and will not affect the illumination uniformity seriously. 
The thickness of the PBS films and HWPs is 0.1 mm in our simulations for more reliable 
investigation of the illumination uniformity and stray light. 

 
Figure 2. (a) PBS films with multilayer structure. (b) Transmittance and reflectance of the employed 
PBS films. (c) Phase retardance of the HWPs. 

Figure 3a,b show the simulated results for illumination on the LCoS panel. The cross-
section diagrams indicate excellent uniformity when Z = 0. However, two deep valleys 

Figure 2. (a) PBS films with multilayer structure. (b) Transmittance and reflectance of the employed
PBS films. (c) Phase retardance of the HWPs.

Figure 3a,b show the simulated results for illumination on the LCoS panel. The cross-
section diagrams indicate excellent uniformity when Z = 0. However, two deep valleys
appear in the diagram when X = 0. The thickness of the PBS films and HWPs is one
reason for the nonuniformity, where the practical optimization is limited. Additionally,
the illumination on the LCoS surface originates from the reflection of the PBS films. As
Figure 3c shows, there is illumination loss in some incident angles in the vicinities of the
HWP. In the current design (Figure 1c), no light appears in the dark red line region.



Photonics 2024, 11, 669 4 of 6

Photonics 2024, 11, 669 4 of 7 
 

 

appear in the diagram when X = 0. The thickness of the PBS films and HWPs is one reason 
for the nonuniformity, where the practical optimization is limited. Additionally, the illu-
mination on the LCoS surface originates from the reflection of the PBS films. As Figure 3c 
shows, there is illumination loss in some incident angles in the vicinities of the HWP. In 
the current design (Figure 1c), no light appears in the dark red line region.  

 
Figure 3. (a) Illumination uniformity at the LCoS surface. (b) Cross-section diagrams of the illumi-
nation. (c) Origins of the nonuniformity. 

It is worth mentioning that the emission cone of the light source is ±20°. Blue arrows 
represent the corresponding propagation direction (around 13.2° with respect to the ver-
tical direction) in the glass for an incident angle of 20° in air. To eliminate the red line 
region and improve the illumination uniformity on the LCoS surface, we intentionally tilt 
the orientation of the two HWPs, as shown in Figure 4a. The tilt angle is 15°, which is 
designed to be larger than the refractive angle (20° in air) of the glass material. The thick-
ness of the PBS films (without the prisms) and HWPs remains 0.1 mm, as mentioned 
above. The length of the illumination system decreases from 5.3 mm to 4.7 mm due to the 
shift in the PBS films and HWPs. The width and height of the PBS cuboids remain the 
same as before (4.5 mm and 1.125 mm, respectively). Figure 4b illustrates the optimized 
illumination on LCoS surface. According to the cross-sectional diagrams shown in Figure 
4c, the illumination uniformity has been significantly improved by tilting the HWP orien-
tation. The ratio of minimum illuminance over maximum illuminance increases from 30% 
to over 60%. The width of the valleys has also been reduced. Digital modulation can be 
employed to further improve the uniformity by controlling the polarization states of the 
reflected light from each pixel on the LCoS panel, which helps to improve the overall uni-
formity after passing through the clean-up polarizer on the top.  

Figure 3. (a) Illumination uniformity at the LCoS surface. (b) Cross-section diagrams of the illumina-
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It is worth mentioning that the emission cone of the light source is ±20◦. Blue arrows
represent the corresponding propagation direction (around 13.2◦ with respect to the vertical
direction) in the glass for an incident angle of 20◦ in air. To eliminate the red line region
and improve the illumination uniformity on the LCoS surface, we intentionally tilt the
orientation of the two HWPs, as shown in Figure 4a. The tilt angle is 15◦, which is designed
to be larger than the refractive angle (20◦ in air) of the glass material. The thickness of the
PBS films (without the prisms) and HWPs remains 0.1 mm, as mentioned above. The length
of the illumination system decreases from 5.3 mm to 4.7 mm due to the shift in the PBS films
and HWPs. The width and height of the PBS cuboids remain the same as before (4.5 mm
and 1.125 mm, respectively). Figure 4b illustrates the optimized illumination on LCoS
surface. According to the cross-sectional diagrams shown in Figure 4c, the illumination
uniformity has been significantly improved by tilting the HWP orientation. The ratio of
minimum illuminance over maximum illuminance increases from 30% to over 60%. The
width of the valleys has also been reduced. Digital modulation can be employed to further
improve the uniformity by controlling the polarization states of the reflected light from
each pixel on the LCoS panel, which helps to improve the overall uniformity after passing
through the clean-up polarizer on the top.

In addition to illumination uniformity, we also studied the full on/off contrast ratio
and optical efficiency (represented by the full-on flux because the total luminous flux from
the two edge-lit sources is 1 lm). Results are summarized in Table 1. The optical efficiency
is increased from 33.9% to 36.7% after tilting the HWPs, while the contrast ratio remains
almost the same. For a hybrid AR/VR convertible display, a high contrast ratio is important
when the VR mode is used. However, most AR glasses are used under ambient lighting
conditions, such as inside a room or outdoors. Even if the employed microdisplay has
an infinity contrast ratio, its ambient contrast ratio could be significantly reduced by the
stray light inside the housing and the ambient light. Specifically, the ambient luminance
is 300 nits on an overcast day while the luminance of the AR glasses is usually around
1000 nits nowadays. Although a good dark state of the LCoS panel is favorable, the ambient
contrast ratio of the AR glasses is mainly limited by the ambient lighting conditions; the
dark-state performance of the LCoS panel does not make a significant difference.
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Table 1. Full on/off contrast of different system configurations.

HWP 0◦ HWP 15◦

Full on * (lm) 0.33876 0.36715
Full off * (lm) 0.00223 0.00248

Contrast 151.6 148.0
* Luminous flux of full-on state and full-off state is measured after the top polarizer within a maximum incident
angle of 20◦. The total luminous flux from the two edge-lit sources is 1 lm.

4. Conclusions

A compact and high-efficiency LCoS system has been proposed and demonstrated
by our simulations. The novel illumination optics consist of four PBS films with high
contrast ratio and two HWPs. These optical films can be coated on the surfaces of the
glass components, which will be cemented together to form the illumination system. The
incident light from the edge-lit LED array with uniform intensity within ±20◦ is reflected
downwards to the LCoS panel by the PBS films while the HWPs control the polarization
states. The HWPs are intentionally tilted to address the nonuniformity issue in the proposed
system. The system enables a high optical efficiency of 36.7% after optimizing for uniformity.
Additionally, the simple fabrication procedure of our design, which is based on mature
optical components, is also favorable for mass production. Offering a slim formfactor, high
optical efficiency, and favorable manufacturability, such a novel LCoS system is expected
to open a new door for next-generation AR glasses.
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