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Abstract

Pancake lens structure offers a promising solution to compact formfactor for

near-eye displays. However, utilizing a half mirror to triple the optical path

length causes a dramatic optical loss. The theoretical maximum optical effi-

ciency is only 25%. To balance the tradeoff between compact formfactor and

optical efficiency, here we propose a new folded optical structure with a

doubled efficiency and doubled optical path length, using two polarization-

selective cholesteric liquid crystal reflectors. Simulation results agree with the

experiment reasonably well. Two display configurations are established to

evaluate the imaging performances of the proposed pancake lens structure.
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1 | INTRODUCTION

Providing new possibilities for perceiving and interacting
with digital information, augmented reality (AR) and vir-
tual reality (VR) are revolutionizing the display market.
In addition to good visual experiences, such as high-
resolution density, wide field of view, large eyebox, and
vivid colors, wearing comfort is another critical demand
for these near-eye displays. To enable long-term comfort-
able wearing, compact and stylish formfactor, light-
weight, and low power consumption are highly desirable.
To achieve these goals, tremendous efforts have been
devoted to design novel optical elements and headset
configurations.1–7

Among these endeavors, polarization-based folded
optics, also called pancake optics, has been regarded as
an important step toward a compact and lightweight VR
headset. The pancake system was originally proposed for
flight simulators, and now, it has found renewed interest
for compact VR headsets.8–11 Figure 1 depicts the device
configuration of a conventional folded optics system. The
incident circularly polarized light (solid blue line) first
passes through a half mirror (HM). For convenience of
discussion but without losing generality, let us assume

the outgoing light from the display panel is righthanded
circularly polarized (RCP). After impinging on the HM,
50% of the RCP light is reflected by the mirror and is
wasted. Upon reflection, the polarization state is con-
verted to lefthanded circularly polarized (LCP) as indi-
cated by the red dashed lines in the figure. For the
remaining 50% of the light passing through the HM, its
polarization state keeps unchanged. The output light
after the quarter-wave plate (QWP) becomes linearly
polarized and then is reflected by the reflective polarizer
(RP). The light traveling backward to the HM turns into
RCP again by the QWP. This time, only 25% of the total
light is reflected by the HM (red solid line), and its polari-
zation state is flipped to LCP to pass through the QWP
and RP. Therefore, the theoretical maximum optical effi-
ciency of such a conventional pancake lens is only 25%,
but its optical path length (OPL) is tripled. Although the
formfactor (depth of the headset) is reduced, the 4�
lower efficiency would require a much brighter microdis-
play light engine to achieve the same brightness, say
300 nits, which in turn consumes more battery power.

Cholesteric liquid crystal (CLC) elements, as a diffrac-
tive planar optics providing an ultrathin formfactor, high
efficiency, and polarization selectivity, have found
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promising applications for AR and VR displays.12–16 The
CLC elements reflect the incident light with the same
handedness as its chiral dopant and transmit the opposite
component. Moreover, the reflected light can be designed
to exhibit a specific phase profile, such as deflector or
lens, to function as an input or output coupler for
waveguide-based AR displays and Maxwellian displays.

In this paper, we demonstrate a new folded optics
structure with an improved efficiency using two CLC ele-
ments as polarization-selective reflectors. In a conven-
tional pancake optics, the OPL is tripled but its optical
efficiency is reduced to 25%. Our new device configura-
tion doubles the OPL while keeping the theoretical opti-
cal efficiency at 50%. We have fabricated the CLC
elements and conducted confirming experiments to vali-
date the designs. Simulation results also verify the
improved efficiency and show the imaging performances
in display systems.

2 | SYSTEM DESIGN

As described in Figure 1 for a conventional pancake
optics, the combination of QWP and RP functions as a
reflector for the incident RCP light, which can be
replaced by a CLC element with circular polarization
selectivity. Figure 2 illustrates the polarization-dependent
response of a CLC element. Here, the RCP light passes
through the CLC layer while the LCP light is reflected.
We designate such a CLC film as CLC-L, which reflects
the LCP light. Using a chiral dopant with opposite hand-
edness, we can also fabricate a CLC-R film that reflects
RCP light. To establish Bragg reflection, the required
CLC layer thickness is about 10 helical pitches, which
amounts to several microns.17 Depending on the phase
pattern of the CLC layer, the horizontal wavevector of
the reflected beam can be modulated. Therefore, CLC
gratings and CLC lenses can be fabricated and are prom-
ising for advanced display systems taking the advantages
of their high efficiency and compact formfactor. Another
interesting feature of CLC elements is that the dispersion
behavior of diffractive optics is opposite to that of refrac-
tive lens. As a result, the CLC lenses help to correct the
chromatic aberration of a refractive Fresnel lens.18,19

In the following, we present a new folded optics struc-
ture using the CLC elements described above. The system
configuration is illustrated in Figure 3. A polarization-
selective CLC reflector is applied to recycle the reflected
light from HM and provide an extra OPL. The incident
RCP light (blue solid line) first passes through the
CLC-L, which transmits RCP light at 100%, and then
impinges the HM. For the 50% transmitted light, the fol-
lowing path is like that of conventional structure

FIGURE 1 System configuration of conventional folded optics.

FIGURE 2 Polarization selectivity of a cholesteric liquid

crystal (CLC) element.

FIGURE 3 System configuration of our proposed folded optics.
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described in Figure 1. Therefore, here we focus on dis-
cussing the 50% reflected light (red solid line). The HM
converts the handedness of the reflected light to LCP.
The light travels backward and is reflected again by the
CLC-L due to its polarization selectivity. Then, the LCP
light travels toward the HM again, and 25% of the light is
reflected and finally wasted. Another 25% LCP light pass-
ing through the half-mirror arrives at CLC-R, which
transmits RCP light at 100%. In the proposed configura-
tion, each of the two optical paths provides 25% effi-
ciency. To eliminate the ghost image, the OPL should be
identical where the distance d1 between CLC-L and HM
equals to the distance d2 between HM and CLC-R. In
comparison, the conventional configuration provides tri-
pled OPL with 25% efficiency and our proposed structure
offers a 2� OPL, but its total efficiency can be increased
to 50%.

3 | DEVICE FABRICATION

The CLC element in the proposed structure only func-
tions as a reflector for a circularly polarized light without
introducing any phase profile. To correct chromatic aber-
rations, such a CLC element can be designed and fabri-
cated to provide a proper optical power. The fabrication
process is described in Figure 4A. To fabricate the CLC
reflectors with uniform phase, the photo-alignment
(PA) material Brilliant Yellow was dissolved in dimethyl-
formamide and then spin-coated on a clean glass to form
a uniform layer. Then, the PA layer was exposed using a
linearly polarized collimated laser beam (λ = 457 nm) at
130 mW/cm2 for 2 min. Next, the prepared CLC was
spin-coated on top of the BY layer. Afterward, the CLC
layer was exposed to UV light to stabilize the

polymerization process. The CLC molecules formed a
helical twist as shown in Figure 4B. Two CLC elements
with opposite handedness were fabricated to create a cav-
ity in our folded optics configuration.

To prove the concept, in an experiment, we designed
and fabricated the CLC elements to be effective in the
blue spectral region. A broadband reflector can also be
achieved using more complex fabrication process.18 Then,
we measured the light leakage of the fabricated elements,
and the results are shown in Figure 4C. The input light
was first converted to LCP or RCP and passed through
the corresponding CLC elements. Then, the transmitted
light was collected by the spectrometer. These two CLC
elements exhibit an efficiency of over 80% in the blue
region. The leaked or transmitted light makes it easier to
observe the folded images and original images in the fol-
lowing experiments. A nearly 100% efficiency can be
obtained by increasing the CLC layer thickness.17 It is
worth mentioning that the CLC layer thickness is only
several micrometers, which helps to reduce the weight
and formfactor of the optical system.

4 | EXPERIMENTAL RESULTS

With the fabricated CLC elements, we built the proposed
folded optics system and captured images at different
positions to investigate the optical efficiency enhance-
ment. An OLED panel is used as the light engine of the
system. We also measured the panel emission spectrum
as shown in Figure 4C. The display panel was placed at
7 cm in front of the first CLC element, and the emitted
light was converted to RCP using a circular polarizer.
The cavity length (d1 and d2) is 6 cm. Here, we inten-
tionally enlarged the system size for easier evaluation of

FIGURE 4 (A) Fabrication of

cholesteric liquid crystal (CLC)

elements, (B) Helical twist structure of

the CLC layer, and (C) measured

transmittance of the CLC elements and

emission spectrum of display panel.
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the proposed system. Figure 5 depicts the captured
images.

Figure 5A is the original image from the display
panel. The folded image is shown in Figure 5B, where
two images can be observed simultaneously. The clear
one is the desired folded image, and the blurred one is
the leakage of the original image, which can be differenti-
ated by their sizes. The size of folded image is smaller
than that of the original one because the OPL is folded,
which gains an extra 12 cm in length. We also focus on
the leaked image shown in Figure 5C, which indicates a
different OPL. Moreover, to compare the efficiency of our
new configuration with conventional structure, we
removed the first CLC element and the remaining system
shared the same principle with conventional folded sys-
tems. Figure 5D shows the result of this CLC-based pan-
cake image. The image in Figure 5B is much brighter
than that in Figure 5D, indicating a noticeable efficiency
improvement of our new folded optics system. Table 1
summarizes the object distance and normalized irradi-
ance of three different layouts for better understanding.

To analyze the enhancement quantitatively, the
images were first converted to grayscale images. To elimi-
nate the leakage in Figure 5, we set a threshold to extract
the desired images. Results are shown in Figure 6. The
enhanced brightness can be clearly observed using naked
eyes by comparing Figures 6(B) and 6(C). More specifi-
cally, the total efficiency of CLC pancake system is 20.5%,
and our proposed system is 32.2%, indicating a 1.57�
higher brightness. The brightness is not doubled as we
initially expected because the efficiency of CLC elements

does not reach 100% in our experiment, which can be
optimized by increasing the CLC layer thickness.

5 | SIMULATION RESULTS

To further investigate the performances of our proposed
system, we designed a simulation tool using Zemax. The
CLC reflectors model was built based on rigorous
coupled-wave analysis (RCWA) method.20 First, we stud-
ied the influence of CLC efficiency over leakage. The sys-
tem configuration is like our experiment. The display
panel is placed close to the first CLC reflector to maxi-
mize the folded OPL. The HM is at the middle of the two
reflectors in order to eliminate the ghost image. After
passing through the system, the light will be collected by
the detector.

Ghost image of leakage is observed in our experi-
ments due to the 80% efficiency. The efficiency of a CLC
reflector is determined by its layer thickness; a higher
optical efficiency can be achieved by increasing the pitch
number but will gradually saturate when the pitch num-
ber exceeds 10.17 As observed in Figure 7, the ghost
image became invisible, and the effective irradiance of
the desired image also increases using a CLC reflector
with a higher efficiency.

FIGURE 5 (A) Original image, (B) folded image, (C) leaked

image, and (D) cholesteric liquid crystal (CLC)-based pancake

image.

TABLE 1 Summary of three different layouts.

Summary Figure 5A Figure 5B Figure 5C

Object distance (cm) 25.5 37.5 37.5

Normalized irradiance 100% 32.2% 20.5%

FIGURE 6 Grayscale images of (A) original image,

(B) cholesteric liquid crystal (CLC)-based pancake image, and

(C) folded image.
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The efficiency of the proposed system is also studied
in this simulated model. The original image is captured
by the detector as shown in Figure 8A. Then, we simu-
lated the folded image using CLC reflectors with an effi-
ciency of over 95%, and the result is shown in Figure 8B.
The size of the image becomes smaller as the object dis-
tance gets larger. The total power received by the detector
is also decreased, leading to an efficiency of 49.96% as we
expected. The image of CLC-based pancake system is also
simulated as shown in Figure 8C for comparison. These
two images show the same size because the folded optical
paths are the same, which is similar to the experimental
results. As discussed before, a conventional pancake sys-
tem provides 3� OPL, and our new system offers only 2�
OPL. However, considering the case when the object
position is not close to the HM in the conventional sys-
tem, the two systems provide the same extra OPL. The
efficiency of the CLC-based pancake system is only
24.92%. Therefore, the efficiency of folded optics is dou-
bled with our proposed configuration.

In addition to doubled efficiency of the new system,
we also evaluate the imaging performance in a VR system
as illustrated in Figure 9A. A collimation lens with a focal
length of 40 mm is placed right after the second CLC
reflector and the display panel is close to the first one.
The distance between display panel and collimation lens
is 20 mm, which will be doubled by the folded structure
to fit the focal length. The collimated beam after the lens

is received by the eye. Figure 9B is the original object,
and the captured image is shown in Figure 9C.

Next, we simulate the structure that the lens is sand-
wiched between the CLC reflectors and the HM. In this
optical layout, instead of considering the OPL, providing
the same optical power for the two paths is essential to
eliminate the ghost images. Due to the symmetry of the
two optical paths, mirrored imaging optics should be
placed on both sides of the HM to offer the same magnifi-
cation and depth as shown in Figure 10A. For each path,
the light will travel through the lenses four times. The
focal length of the two lenses is 100 mm. Therefore, the
theoretical effective focal length of the combined system
should be around 25 mm considering the compact config-
uration. In the simulated system, the distance between
the display panel and the HM is 24.8 mm, which agrees
with our expectation. The captured image is shown in
Figure 10B.

The above two systems show decent imaging perfor-
mances. By comparing the captured images in the two
systems, we found that the configuration in Figure 10
provides a higher efficiency. The reason for the difference
comes from the longer OPL in Figure 9. Therefore, the
emitted Lambertian light may escape from the system
while traveling inside the cavity. Instead of folding a lon-
ger OPL, the system in Figure 10 provides a higher opti-
cal power for achieving a more compact formfactor.
However, the accumulated aberrations after passing
through the lenses four times in the system may lead to
chromatic aberrations. This would affect the final image
performances. Fortunately, the chromatic aberration of a
diffractive CLC reflector can be corrected by a properly
designed refractive lens, which has been proven in con-
ventional pancake systems.18,19

As discussed before, we use a CLC reflector to replace
the QWP and RP in conventional pancake system. It not
only offers an ultrathin formfactor, which is usually sev-
eral micrometers, but also brings advantages including
chromatic aberrations correction and avoiding clocking

FIGURE 7 Simulated images using

cholesteric liquid crystal (CLC)

reflectors with (A) 80% efficiency and

(B) 95% efficiency.

FIGURE 8 Simulated results of (A) original image, (B) folded

image, and (C) cholesteric liquid crystal (CLC)-based pancake

image.
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angle alignment between the QWP and the RP. In a con-
ventional pancake system, to convert the incident circu-
larly polarized light to linearly polarized with a desired
angle, the optical axis of the QWP should be aligned care-
fully, or a ghost image can be generated, which would be

no longer a problem after the adoption of CLC reflectors.
Moreover, our CLC reflectors can be made to have a lens
phase profile to offer a proper optical power to improve
the color performance of the system. Simulations have
been conducted to prove the concept of correcting

FIGURE 9 (A) System

configuration, (B) original image, and

(C) captured image.

FIGURE 10 (A) System

configuration, (B) captured image.
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chromatic aberrations, and the results are illustrated in
Figure 11. Here, black line represents the focal length
shift without the CLC lens. Then, we apply a CLC lens
with a 50-cm focal length at 457 nm, and the results are
shown in red line. Improved color performances can be
easily observed after using the CLC lens.

6 | CONCLUSION

We proposed an efficiency-enhanced folded optics system
with two CLC reflectors. Each reflector functions as a
combined QWP and RP to reflect a specific circularly
polarized light. Besides, the CLC reflectors designed to
have a lens phase profile help correct the chromatic aber-
rations for the imaging optics. In the proposed system,
the reflected light that is wasted in conventional folded
optics is partially recycled using our CLC reflectors. Both
experimental and simulated results confirm the efficiency
enhancement of our proposed system. Theoretically, the
efficiency should be doubled in comparison with conven-
tional pancake structure. However, our experiment only
shows 1.57� enhancement because our CLC reflectors
are not ideal. Though the OPL is tripled in conventional
pancake system, we notice that our new folded optics sys-
tem also enables same OPL when the display panel is not
close to the HM in the pancake system. Moreover, we
built two display systems to further investigate the imag-
ing performances of the new folded optics configuration.
With doubled optical efficiency, our new system is prom-
ising for near-eye display systems with a lower power
consumption and compact formfactor.
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