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Breaking the optical efficiency limit of virtual
reality with a nonreciprocal polarization rotator

Yugqgiang Ding!, Zhenyi Luo?, Garimagai Borjigin%3 and Shin-Tson Wu'*

A catadioptric lens structure, also known as pancake lens, has been widely used in virtual reality (VR) displays to reduce
the formfactor. However, the utilization of a half mirror (HM) to fold the optical path thrice leads to a significant optical
loss. The theoretical maximum optical efficiency is merely 25%. To transcend this optical efficiency constraint while re-
taining the foldable characteristic inherent to traditional pancake optics, in this paper, we propose a theoretically lossless
folded optical system to replace the HM with a nonreciprocal polarization rotator. In our feasibility demonstration experi-
ment, we used a commercial Faraday rotator (FR) and reflective polarizers to replace the lossy HM. The theoretically
predicted 100% efficiency can be achieved approximately by using two high-extinction-ratio reflective polarizers. In addi-
tion, we evaluated the ghost images using a micro-OLED panel in our imaging system. Indeed, the ghost images can be
suppressed to undetectable level if the optics are with antireflection coating. Our novel pancake optical system holds
great potential for revolutionizing next-generation VR displays with lightweight, compact formfactor, and low power con-
sumption.
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Introduction ish formfactor, lightweight, and low power consumption.

Augmented reality (AR) and virtual reality (VR) have ex- To achieve these objectives, extensive efforts have been

panded our perceptual horizons and ushered in deeper devoted to designing novel optical elements and headset

human-digital interactions that transcend the confines of
traditional flat panel displays. This evolution has un-
locked a realm of exciting new possibilities, encom-
passing the metaverse, digital twins, and spatial comput-
ing, all of which have found widespread applications in
diverse fields such as smart education and training,
healthcare, navigation, gaming, entertainment, and
smart manufacturing.

For AR and VR to become truly wearable for an exten-

ded period, there is a pressing need for compact and styl-

configurations''°. Among these endeavors, polarization-
based folded optics, often referred to as catadioptric or
pancake optics, has emerged as a pivotal breakthrough
for compact and lightweight VR headsets, such as Apple
Vision Pro and Meta Quest Pro, etc.!'"'%. Figure 1(a)
shows the device configuration of a conventional pan-
cake optics system along with its essential components.
Such a pancake optics not only delivers an exceptional
image quality’® but also offers an appealing formfactor.
By folding the light path three times within the cavity,
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Fig. 1 | Concept of pancake optics systems. (a) Device configuration and (b) operation mechanism of conventional pancake optics system. (c)
Configuration and (d) operation mechanism of double path pancake optics system. LCP, RCP, and LP represent left-handed circular polarization,

right-handed circular polarization, and linear polarization.

these systems attain a shorter focal length, resulting in a
significantly reduced volume. However, there is an in-
herent fundamental limit in this approach, a serious light
loss. As depicted in Fig. 1(b), the emitted light from the
microdisplay panel, e.g., liquid crystal display (LCD),
keeps the following path: It goes through the HM, where
50% of the incident light is reflected and lost. The re-
maining 50% continues to the quarter-wave plate (QWP)
and the reflective polarizer (RP), where almost all the
light is reflected to the HM. Another 25% passing
through the HM, results in additional loss. Ultimately,
only about 25% of the light (assuming no other loss)
from the display panel reaches the observer's eye.
However, if the display emits an unpolarized light, then
the maximum optical efficiency is further reduced to
12.5%.

As modern wireless AR and VR headsets are powered
by batteries, such a low light efficiency imposes a signi-
ficant challenge, limiting the continuous operation time
to about two hours. To overcome this issue, some
strategies have been attempted. From display side, col-
limated backlighting'®-'® and high aspect ratio with pixel

optimization improve the light efficiency'. Another ap-

proach is to use a hologram film and laser sources®.
From the pancake optics side, an innovative pancake op-
tics design, called double path pancake optics, sand-
wiches the HM between two cholesteric liquid crystal
(CLC) reflectors?®* or two pairs of RPs and QWPs?, to
double the efficiency as illustrated in Fig. 1(c, d). Never-
theless, the lens design must be symmetric with respect
to the HM, which increases the volume of the pancake
lens, and significantly decreases the design freedom, es-
pecially for the multiple-piece pancake lens. Moreover,
this design still incurs at least 50% light loss due to the
presence of the HM.

To eliminate the fundamental drawback caused by the
HM and maintain a high degree of design freedom, in
this paper, we propose a theoretically lossless pancake
optics solution that incorporates a nonreciprocal polariz-
ation rotator sandwiched between two reflective polar-
izers. To prove concept, we conducted a preliminary ex-
periment using commercially available components.
Both total efficiency and ghost images are analyzed. The
measured results agree with the theoretical analyses. Fi-
nally, the challenges of desired magnetic-optic materials

are also discussed.
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Working principles

Before introducing our new pancake system, it is es-
sential to understand the concepts of reciprocal and non-
reciprocal polarization rotations*2. Optical rotation of a
linearly polarized light, when passing through a material,
results from the dispersion between the left-handed and
right-handed circularly polarized (LCP and RCP) com-
ponents. This dispersion, arising from the chirality or
handedness in the crystal structure or constituent mo-
lecules, is referred to as natural optical activity. When a
chirality or handedness is induced by a magnetic field
along the wave propagation direction, it is known as
Faraday rotation.

In an optically active rotator, such as a half-wave plate,
polarization rotation reverses when the propagation dir-
ection is reversed, as illustrated in Fig. 2(a, b). This phe-
nomenon is called reciprocal polarization rotation. Con-
sequently, after a roundtrip of forward and backward
propagations, the initial polarization state is reproduced
with no net rotation. In contrast to optical activity, the
Faraday rotation angle 6 is directly proportional to the
magnetic field and the rotation direction is solely de-
termined by the magnetic field, irrespective of the optic-
al wave's propagation direction, as follows:

6(A)=V(A)BL, (1)
where V (1) denotes the Verdet constant of the material,
B represents the magnetic flux density in the propaga-
tion direction, and L stands for the length of the mag-
neto-optical element. In Eq. (1), the magnetic flux dens-
ity can be generated by a solenoid, external magnets, or
the material itself (bias-magnet-free FR). As depicted in

Backward wave

Fig. 2(c, d), the sense of polarization rotation is main-
tained when the propagation direction reverses, which is
referred to as nonreciprocal polarization rotation. Con-
sequently, a roundtrip of forward and backward
propagation results in a net rotation of 20.

In the following, we introduce a novel pancake optics
structure using the nonreciprocal polarization rotator
described above. The system configuration is illustrated
in Fig. 3(a). Our proposed pancake optics consists of a
45° FR sandwiched between two RPs with transmission
axes inclined at 45° to each other. Here, this diagram
solely illustrates the optical path with polarization and
does not depict any bending power inside the pancake
system. In an ideal scenario, a linearly polarized light,
such as a horizontally polarized light from the microd-
isplay, initially passes through the first RP completely. It
then impinges on the FR, transmitting through it and
undergoing a 45° polarization rotation. The light is then
reflected by the second RP and travels backward to the
FR due to the polarization selectivity of the RP. Sub-
sequently, all the light passes through the FR, experien-
cing another 45° polarization rotation and becoming ver-
tically polarized. Under such condition, the light is re-
flected by the first RP and returns to the FR. It once
again transmits through the FR and undergoes a 45° po-
larization rotation. Finally, all the light traverses through
the second RP and reaches the user's eye. Throughout
this entire process, there is no light loss because all the
polarization rotations are achieved by the lossless FR.
Additionally, a lens can be inserted at any position, elim-
inating the need for a symmetric lens design in the
above-mentioned double path pancake system. For

Forward wave

Backward wave

Fig. 2 | Schematic of reciprocal and nonreciprocal polarization rotators. Polarization rotation in (a) a reciprocal polarization rotator during

forward propagation and (b) backward propagation. Polarization rotation in (c) a nonreciprocal polarization rotator through forward propagation

and (d) backward propagation.
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example, the lens can be inserted into the positions
between the first RP and the FR or/and the FR and the
second RP as shown in Fig. 2(b), where the lens

curvature at the edge surfaces can be different.

Results and discussion

To prove concept, here we use a commercially available
terbium gallium garnet (TGG) crystal as the Faraday ro-
tator because of its large Verdet constant and low ab-
sorption in the visible spectral region, and two dual
brightness enhancement films (DBEFs) as the reflective
polarizers. Wire-grid polarizer is another RP candidate.
To gain a better understanding of the polarization con-
version process in our proposed pancake optics system,
we constructed two folded systems: one with FR and an-
other without, as depicted in Fig. 3(b). Firstly, to validate
the optical efficiency in our system, we employed a 45°
FR operating at 510-550 nm (from Thorlabs). A 532 nm
laser is positioned at 4 cm in front of the first RP, and the
laser beam is converted to horizontally polarized light
using a linear polarizer. The distance between the two
RPs is 5 cm. We intentionally enlarge the system volume
for easier evaluation of different folded images, and the

light source is inclined at a small angle for this purpose.
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Figure 4 depicts the beams captured in the two folded
optics systems. In Fig. 4(a), we can observe multiple fol-
ded beams (with five beams captured) in the optical sys-
tem without the FR. In principle, there could be an infin-
ite number of folded beams if the camera's dynamic
range is high enough and the diameter of the RPs is suffi-
ciently large. Due to the absence of polarization rotation,
when the light encounters a RP, 50% of the light passes
through, while the remaining 50% is reflected and con-
tinues this process. Based on the number of folds, we la-
bel these beams as Oth, 1st, 2nd, and so on, up to the nth
orders. It is worth noting that as the number of folds in-
creases, the efficiency decreases. Therefore, in Fig. 4(a),
the beams are clearly distinguished as Oth, 1st, 2nd, 3rd,
and 4th order from left to right.

Once we insert the FR into the folded system, our pro-
posed pancake system is realized. Notably, the 1st-order
folded beam becomes significantly brighter, while all
other orders are almost vanished, indicating that the en-
ergy is primarily concentrated in the Ist-order folded
beam, as Fig. 4(b) shows. Table 1 summarizes the nor-
malized efficiency of each order in the two folded sys-
tems, and the data closely aligns with the theoretical effi-
ciency shown in Fig. 4(a) and 4(b). Based on the data in

RP at 45° n

Display | — RPs
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N : 3.125‘:/0

Fig. 3 | Working principle of the proposed novel pancake optics system. (a) Polarization conversion process in the proposed novel pancake

optic system with a FR. (b) A possible configuration of the proposed novel pancake optics. (¢) Polarization conversion process in the proposed

novel pancake optic system without a FR.
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Table 1, our pancake optics system achieves an optical
efficiency of 71.5%. Later, we will explain why we do not
get the theoretical 100% efficiency because of the imper-

fect optical components employed.

Fig. 4 | Experiments using a laser source. The folded beams in
pancake optics system (a) without FR, (b) with FR.

While the optical efficiency of our proposed pancake
system surpasses previous designs, it does not reach the
expected theoretical limit, which is 100%. To analyze the
energy loss, we need to consider the performance of all
the optical elements. First, for the DBEF RPs in the green
band (510-550 nm), the reflectance and transmittance in
the block state is approximately 99% and 1%, while in the
pass state is 1% and 99%, respectively. However, when
the DBEF RPs are laminated on a glass substrate which
has no antireflection coating, the reflectance and trans-
mittance become 98.4% and 1.6% in the block state, and
8.5% and 91.5% in the pass state, respectively. This signi-
ficantly reduces the overall optical efficiency because the
folded image is reflected by the RPs twice and passing
through the RPs twice.

Another critical optical element is the Faraday rotator,
which is used to control the polarization rotation. There-
fore, both transmission and polarization rotation ability
are essential for analyzing the optical efficiency and
ghost images. Using the FR operating at 510-550 nm as
an example, its transmission spectrum is shown in Fig.
5(a). According to Thorlabs' specifications, the absorp-
tion of the FR is approximately 1%, while the reflectance
and transmittance is about 1% and 98% at 532 nm, re-
spectively. This also reduces the optical efficiency due to
thrice polarization rotations in the FR. To measure the
polarization rotation ability in the visible region, we
sandwiched the FR between two absorptive linear polar-

https://doi.org/10.29026/0ea.2024.230178

izers oriented at 45° to each other, as depicted in Fig.
5(b). The measured spectrum is shown in Fig. 5(c),
which closely aligns with the theoretical prediction
(dashed lines)?.

Overall, the optical efficiency is about 76.3% based on
the parameters mentioned above. It is still a little bit
higher than our measured optical efficiency, 71.5%. This
~5% difference may be attributed to the diffraction of the
laser beam. By applying an antireflection coating
(<0.25%) on the substrate, and employing a high-per-
formance RP film like 3M™ RPs'®, which has 99.9%
transmittance in the pass state and 99.9% reflectance in
the block state, the optical efficiency can be significantly
improved to 93.2%, which is ~4x higher than the con-
ventional pancake lens.

In addition to the above-mentioned laser projector, we
also investigated our pancake systems with a micro-
OLED (organic light-emitting diode) panel, which has a
wider spectrum. Figure 6 depicts the images captured in
the two folded optics systems. Figure 6(a) shows the ori-
ginal image from the display panel. Multiple folded im-
ages in the optics system without the FR are displayed in
Fig. 6(b, c), where two images (0" and 1% orders) were
captured at different focal lengths. The larger image in
Fig. 6(b) represents the 0% order, while the smaller one in
Fig. 6(c) represents the 1 order. Upon inserting the FR
into the folded system, the 1% order folded image be-
comes much brighter, indicating that the energy is
primarily concentrated in the 1% order folded image, as
shown in Fig. 6(d). Furthermore, we implemented the
same folded optics systems with a FR operating in the
red band (603-663 nm). All the captured images are
presented in Fig. 6(e-h).

Similar to traditional pancake optics systems'*2¢%, it is
evident that our proposed design also suffers from ghost
images as Fig. 6(d) and 6(h) show. In the following sec-
tions, we will analyze the causes of different types of
ghost images and provide corresponding methods to
suppress or eliminate them.

The first type of ghost images arises from the leaked
transmission of the RPs in the block state, which is
around 1.6%. As depicted in Fig. 7(a), approximately

Table 1 | Summary of the optical efficiency in two folded optics systems.

Folded optics system oth = 2nd
WI/O Faraday rotator 44.7% 9.7% 2.4%
W/ Faraday rotator 2.3% 71.5% 0%
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Fig. 6 | 5Experiments using a micro-OLED panel. (a) Original image. (b) 0" order folded image and (c) 1%t order image in the pancake system

without a FR. (d) 1%t order image in the pancake system with a FR operating in 510-550 nm. (e) Original image. (f) 0" order folded image and (g)
1st order image in the pancake system without a FR. (h) 1%t order image in the pancake system with a FR operating in 603—663 nm.

1.43% of the light will leak out and become a ghost im- plane from the signal to the ghost image. As shown in
age when it interacts with the second RP for the first Fig. 7(b), we find that there is a weak ghost image “UCF”
time. However, this ghost image is not at the same focal behind a blurry image (out-of-focus signal image). For-
plane as the signal image, making it barely visible in Fig. tunately, the polarization state of this ghost image is or-

6(d). To clearly capture the ghost, we switch the focal thogonal to that of the signal. To eliminate such a ghost
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Fig. 7 | Mechanism of ghost images in the novel pancake optics system. (a) Light path of ghost images generated by the transmission of the

RPs in block state. (b) Ghost images (c) and suppressed ghost images by an extra linear polarizer captured at its own focal plane. (d) Light path

of ghost images caused by surface reflection of FR. (e) Light path of ghost images produced from imperfect polarization rotation in FR. (f) Light

path of ghost images induced by panel reflection and reflection of the RPs in transmission state.

image, we can use an absorptive sheet linear polarizer.
The image in Fig. 7(c) was captured after applying a lin-
ear polarizer. We find that the weak ghost image “UCF”
has vanished and only the blurry image (out-of-focus
signal image) remains. However, the linear polarizer also
absorbs the pass state. Therefore, the most effective solu-
tion is to replace the employed DBEF reflective polar-
izers with an RP having a lower transmission in the block
state, e.g., 0.1%.

The second type of ghost images is mainly caused by
the surface reflections from the FR, which account for
approximately 1% of the light. As illustrated in Fig. 7(d),
when the light encounters the FR, around 0.76% of it will

be reflected, undergoing multiple folds inside the pan-
cake system, and eventually leaking out as a ghost image.
A similar ghost image is generated when the light en-
counters the FR for the third time. Applying an antire-
flection coating to the FR can reduce these ghost images.
Compared to the signal image, this type of ghost image is
very weak and is hardly captured by our camera. This
analysis can also be applied to lens surfaces.

The third type of ghost images primarily stems from
imperfect polarization rotation in the FR, especially at a
large incident angle and a broadband light source. As de-
scribed in Fig. 7(e), if the polarization state rotates by 0
(e.g., 40°) instead of the designed angle, 45°, then
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approximately 0.62% of the light will transform into
ghost image. This process generates another ghost image
when the light encounters the FR for the third time. Us-
ing a broadband FR helps minimize this type of ghost
image.

The fourth type of ghost images mainly results from
the combination of surface reflections from the micro-
OLED panel and other undesired processes, such as the
high reflection (8%) of DBEF RPs in the pass state and
reflections from the panel itself. As illustrated in Fig. 7(f),
some of the light is reflected as it encounters the first RP.
Subsequently, the light passes through a linear polarizer,
reflects off the micro-OLED, passes through the linear
polarizer again, undergoes the same folding process as
the signal image, and becomes ghost images. Using an
RP with a lower reflection in the pass state greatly sup-
presses these ghost images. In addition, when combined
panel reflection, surface reflection from FR, and imper-
fect polarization rotation will generate similar ghost im-

ages. This type of ghost image can be significantly re-

a, Bi a; B

1.0

duced by replacing the linear polarizer with a circular
polarizer.

In summary, for the RPs, maintaining high reflection
in the block state and high transmission in the pass state
is crucial for preserving system efficiency. Also, ensuring
a low transmission in the block state and low reflection
in the pass state helps reduce light leakage in the system,
ultimately minimizing the occurrence of ghosts and en-
hancing the image contrast®. Controlling the polariza-
tion state throughout the entire optical path is essential.
Another critical component is the FR, which is respons-
ible for managing the polarization rotation within the
system. To achieve an optimal performance, the FR
should be transparent and achromatic across the de-
signed wavelength range. This not only improves system
efficiency but also reduces the presence of ghosts by
maintaining the correct polarization states.

To investigate the color performance of our proposed
system, a white image is displayed on the micro-OLED

in our pancake optics system. The captured images are
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Fig. 8 | Achieving broadband FR. (a) 1%t order white image in the pancake system with a FR operating in 510-550 nm. (b) Broadband FR design

of sequences of FRs and QWPs. (c) Spectrum of polarization rotation ability using a single piece FR, two sequences of FRs and QWPs and three

sequences of FRs and QWPs.
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presented in Fig. 8(a), where the white image represents
the signal, and the purple image (very dim) corresponds
to the ghost image. The ghost image is significantly
stronger than the previous one due to the inadequate
bandwidth, as Fig. 5(c) shows, of the employed Faraday
rotator. Since the Faraday rotation is a result of circular
birefringence, the rotation angle is wavelength depend-
ent. For instance, the dispersion of the Verdet constant
of the TGG crystal can be described using following
equation® :

K
A=A
where K=4.45 % 10" radnm?’T 'm~' and 1, = 258.2 nm is
the effective transition wavelength. TGG is a promising

V(A = (2)

FR material in the 400-1100 nm range, except for an ab-
sorption band in the 470-500 nm region. Such an ab-
sorption band may absorb a small portion of the blue
LED because its major absorption wavelength occurs at
490 nm as shown in Fig. 5(c). Besides, other materials
like CeF;, can completely replace TGG crystal without
absorption because CeF; exhibits a similar Verdet con-
stant to TGG, but with a much higher transmittance in
the whole visible region?.

For most FR materials, their Verdet constant de-
creases (in absolute value) with increasing wavelength:
for TGG it is equal to 206 radT'm~" at 532 nm and 134
radT 'm~" at 632 nm. This is the reason that FR works
only for a narrow range of wavelengths. However, to
make the proposed pancake system for full color images,
a broadband FR is required. To achieve a broadband FR,
a common method is to compensate the dispersion of FR
using a reciprocal polarization rotator”. However, this
method can only realize broadband FR in one direction.
To further broaden the spectral response of FR in both
forward and backward directions, the combination of
FRs and QWPs is proposed®. The proposed system is
composed of the sequences of FRs and achromatic
QWPs rotated at predetermined angles, as Fig. 8(b) illus-
trates. More specifically, the process can be expressed by
Jones matrix representation. When the light propagates
in the forward direction through only one sequence of
the system, the output light will have the form:

Jo =R+ J; = R(=p) x WP (11/2) x R(B) R (6)

* R(—a) « WP(1/2) « R (a) * J; , (3)
where J; and J, are the Jones vector of input and output
light, R; indicates the Jones matrix of a sequence of FR
and QWPs in the forward propagation, R represents the

rotation matrix, WP (11/2) corresponds to the phase re-
tardation matrix of a QWP, 6 is the rotation angle of the
FR, and « and f are the azimuthal angles of the two
QWPs, respectively. For backward propagation, the pro-
cess is described as follows:

J, =R, *J, = R(—a) * WP (1/2) * R («)

*R(0) «R(—P)« WP(n/2) * R(B) xJ,, (4)
where R, indicates the Jones matrix of a sequence of FR
and QWPs in the backward propagation. For the mul-
tiple sequences of FRs and QWPs, the output light can be
expressed as J, = Ryy * + - - * Ry, * Ry, * J; in the forward
propagation, whereas for backward propagation, it has
the formas J, = Ry % Ry, % - - - * Ry * J;.

Here, we initially try to achieve a broadband FR with
two sequences of FRs and QWPs, each with the Faraday
rotation 6; and QWPs rotated at angles a; and 8, with
respect to their fast polarization axes. After optimization
based on the Jones matrix representation in Eq. (3) and
Eq. (4),a broadband spectrum is achieved for two se-
quences of FRs and QWPs at rotation angles 6, = 40.9°,
0, =80.4° & =93°, B =89.6° a,=521°% and
B, = 13.4°. Here, the designed central wavelength of each
FR is 525 nm. However, the spectral bandwidth is still
not broad enough in the visible region. To further
broaden the spectral response, three sequences of FRs
and QWPs are employed. After optimization, a broader
spectrum is realized at rotation angles 6, =79.6°,
0, = 85.6°, 0; = 42.1°, o = 87.7° B, = 80.5°,
o, =141.2°, B, = 45.3°, a; =161.5°, and B, =139.5°.
Compared to a single FR, the bandwidth is dramatically
broadened by the above method as illustrated in Fig.
8(¢).

To successfully apply our proposed pancake optics
system to near-eye displays, there is an urgent need for a
thin-film Faraday rotator operating in the visible region.
The FR used in our experiments is made of TGG crystal,
which has a very low absorption and a relatively large
Verdet constant in the visible spectral region. However,
the Verdet constant of TGG crystal is still too small to
provide the desired 45° polarization rotation angle in a
thin film. Considerable research has been conducted in
the past on materials with large Verdet constants®**!. For
example, a recent research® has unveiled a class of or-
ganic materials with a giant Verdet constant of nearly
8x10* radT-'m™! ataround 520 nm. This Verdet con-
stant is approximately 360x larger than that of TGG
crystal, implying that a thin film made from such a ma-
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terial could be 360x thinner than TGG. Additionally, the
effective aperture of the commercial TGG crystal is too
small, only around 5 mm, because of the fringe field ef-
fect of external magnets. Such a small effective aperture
will undoubtedly lead to a relatively small FoV. There-
fore, the source of magnetic field plays a crucial role. As
mentioned earlier, the magnetic field for the FR can be
generated by a solenoid, external magnets, or from the
magnetized material itself. The first two approaches
could be too bulky and heavy to support a large FoV for
a compact and lightweight VR headset. Clearly, the pre-
ferred FR should be a magnetless thin film having a large
effective area’**’. Indeed, thin films [20 mm x 20 mm X
480 um] of magnetization latching bismuth-substituted
rare-earth iron garnets (BIG) have been produced from
commercially available materials by mechanical lapping,
dice polishing, and crystal-ion-slicing or by adjusting the
incorporation of europium®. Such a material is grown
on the (111)-oriented single crystal Ca/Mg/Zr-substi-
tuted gadolinium gallium garnet substrates. As grown, its
magnetization axis is normal to the plane of the film,
thus achieving a magnetless FR. Currently, magnetless
FRs are commercially available from Coherent. However,
the BIG Faraday rotator is primarily operated in the
near-infrared region (e.g., A=1.55 pum) due to its strong
absorption in the visible region. Therefore, our demon-
strated novel pancake optics with a thin-film BIG
Faraday rotator should be feasible for some near-in-
frared imaging applications. To extend the novel pan-
cake optics to commercial VR headsets, the urgent de-
mand for a thin-film Faraday rotator that is magnetless
and highly transparent, while possessing a large Verdet
constant in the visible region, will stimulate future ma-
terial developments.

Conclusion

We have proposed and demonstrated a novel pancake
optics system using a nonreciprocal polarization rotator
sandwiched between two reflective polarizers, which can
overcome the efficiency limitations of traditional pan-
cake optics systems. Our measured optical efficiency is
71.5%, which is ~5% lower than the calculated value. By
further applying antireflection coating to the optical
components and using a better-quality RP, we can raise
the optical efficiency to about 93.2%. Additionally, we
have investigated four types of ghost images in this sys-
tem and provided corresponding methods to mitigate or
eliminate them. Furthermore, to achieve a full-color dis-

play, we proposed to use a multi-layer FRs to achieve
broadband operation. Overall, these demonstrations
showcase the potential that the novel pancake optics sys-
tem can revolutionize next-generation VR displays with
lightweight, compact formfactor, and low power con-
sumption. Besides, the pressing need for a thin-film FR
that is both magnetless and highly transparent, while
possessing a large Verdet constant in the visible region, is
expected to inspire the next-round magneto-optic mater-
ial development in the future.
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