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Abstract

Virtual reality (VR) devices use imaging optics to magnify the microdisplay

images for providing an immersive viewing experience. A microdisplay is pre-

ferred to have high-resolution density and high dynamic range to meet the

demanding requirements of human vision system (HVS), for example, visual

acuity >60 pixels per degree and grayscale depth >10 bits. However, increasing

resolution density and dynamic range often lead to a reduced optical efficiency

and sophisticated fabrication process of the microdisplay panels. In this paper,

we systematically analyze the image degradation mechanisms of VR devices

caused by both imaging optics and microdisplay and find that the image degra-

dation caused by imaging optics significantly unleash the requirements of

microdisplay, such as contrast ratio, number of local dimming zones, and reso-

lution density. For example, aberrations of the imaging optics reduce the reso-

lution density requirement of the microdisplay, and stray light of the imaging

optics relieves the contrast ratio requirement of the microdisplay. These results

help prevent excessive design of microdisplay, for example, mini-light-emitting

diode (LED) backlit liquid-crystal displays (LCDs), organic LEDs, or micro-

LEDs, in a pancake lens-based VR headset.
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1 | INTRODUCTION

With the rapid development of Metaverse, there is an
urgent need to optimize the microdisplays for virtual
reality (VR) devices with vibrant three-dimensional
(3D) virtual images.1–3 In a VR device, the image from
microdisplays is first magnified by the imaging optics and
then received by the human visual system. In the past,
the requirements of a microdisplay are designed based on
the visual acuity and dynamic range of human vision
system (HVS). The magnified image after imaging optics
should support visual acuity of 60 pixels per degree (ppd)
and sufficient dynamic range. Therefore, microdisplays

with high-resolution density and high dynamic range
(HDR) are required.

From the perspective of high-resolution density,
according to the focal length of the imaging optics
(40 mm) and the target visual acuity (60 ppd), the
required resolution density for the microdisplay is calcu-
lated to be about 2200 ppi.4 Moreover, the required reso-
lution density is inversely proportional to the focal length
of the imaging optics. Therefore, an advanced catadiop-
tric imaging optics, known as pancake lens, helps shorten
the focal length (<30 mm) to obtain a more compact
form factor, but it requires a higher resolution density
microdisplay (>3000 ppi). The major challenge of a
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high-resolution density liquid-crystal display (LCD) is its
relatively low optical efficiency5 and a white organic
light-emitting diode (OLED) microdisplay is its increased
electrical and optical crosstalk.6 On the other hand, from
HDR viewpoint, light leakage from an LCD panel
reduces the contrast ratio.7,8 To increase contrast ratio
and dynamic range, LCDs with dual light modulation
layers have been developed. The first light modulation
layer is the liquid crystal (LC) panel, and the second layer
can be a 2D mini-light-emitting diode (LED) array, a
lower resolution density LCD panel, or a laser beam
scanning system. Recently, 2D local dimming mini-LED
backlights have been rapidly developed to display HDR
images for different direct-view displays, such as televi-
sions, tablets, monitors, and automotive displays.9–12 For
VR applications, mini-LED backlit LCDs are emerging.
Some VR products equipped with a mini-LED backlight
have been released. However, to mitigate halo artifacts,
mini-LED backlight with thousands of local dimming
zones is not uncommon; each local dimming zone corre-
sponding to 0.41� viewing angle (i.e., 2.43 zones per
degree), when the native LCD contrast ratio is 2000:1.11

With the same local dimming zone density, to achieve
100� field of view (FOV) in a VR headset, we need
243 � 243 local dimming zones for a 2-in. microdisplay.
The corresponding local dimming zone size is only about
150 μm, which is challenging to fabricate. Therefore,
when implementing mini-LED backlit LCDs for VR
devices, the density of local dimming zones is often much
lower than that of direct-view displays. It is worth noting
that FOV stands for the maximum angular size of the
object as seen from the entrance pupil. In a VR device, it
is the angular size of the virtual image observed by the
viewer. Self-emissive displays, such as OLED and micro-
LED displays, are regarded as outstanding microdisplay
candidates because of their excellent dark state. However,
in practical applications, the small pixel size restricts the
design of compensation driving circuits, thereby degrad-
ing the image quality. Based on the above discussion, for
all types of microdisplays, it is extremely difficult to meet
the HVS requirements. However, do we really need to
design a microdisplay to meet all the demanding HVS
requirements remains a good question to be explored.

Although some efforts have been conducted to analyze
the image degradation in VR imaging optics13–17 and
microdisplays4 separately, very few has considered both
elements together. In this paper, we systematically analyze
the image degradation mechanisms of VR devices, and our
results indicate that in comparison with microdisplays, the
degradation caused by imaging optics such as aberrations
and stray light cannot be ignored. Therefore, when we
design a microdisplay, we do not have to meet all the
requirements of HVS but only need to meet the

requirements of imaging optics. To evaluate the image
degradation from imaging optics, we use a ray-tracing sim-
ulation model to analyze the point spread function (PSF)
of imaging optics. A point source is set up as light emitted
from the microdisplay, and its corresponding intensity dis-
tribution on the receiver is defined as the PSF of the imag-
ing optics. Therefore, both the aberration and stray light of
imaging optics are considered together. However, because
we only focus on ray-tracing analysis, diffraction of imag-
ing optics is not considered in this study. Based on our
simulation results, by considering the PSF of the imaging
optics, we can unleash the contrast and resolution density
requirements of the microdisplay while keeping a similar
image quality. These results help prevent over-design of
microdisplays, such as insane resolution densities of
microdisplays and redundant local dimming zones for
mini-LED backlights.

2 | PANCAKE LENS DESIGN

As shown in Figure 1A, in this study, for simplicity, we
use a single-lens VR imaging optics in the system. Details
of the lens design have been reported earlier.18,19 The
front surface of this pancake lens is a half mirror. The
back surface of the pancake lens is a reflective circular
polarizer that reflects one circular polarization while
transmitting the opposite one. Let us assume it reflects
right-handed circularly polarized (RCP) light and trans-
mits the left-handed circularly polarized (LCP) light.

Such a reflective circular polarizer consists of a half-
wave (λ/2) plate, a λ/4 plate, and a multilayer reflective
polarizer. The optical axis of the λ/2 plate and the λ/4
plate is at 15� and 75�, respectively, to form a broadband
quarter-wave plate. Regarding the reflective polarizer,
multilayer films with central wavelengths of 0.42, 0.46,
0.50, 0.55, 0.60, 0.65, 0.70, 0.76, and 0.82 μm are used for
broadband applications.20 Whereas, more complex opti-
cal designs such as two- or three-lens designs and multi-
twisted λ/4 plates21 could further improve the PSF and
suppress the stray light for the pancake VR devices. How-
ever, some of these designs are costly and have alignment
issues, and some cause more surface reflections (stray
light). The goal of this work is to establish the display
requirements based on the optical performance of the VR
imaging optics. To keep in mind that different VR imag-
ing optics lead to different display requirements. The
measurement system consists of an ideal lens with 4-mm
aperture and a receiver located at the focal plane of the
ideal lens. When a collimated light impinges the lens at a
different angle, it is focused at an off-axis position. Mean-
while, as long as the incident light is not perfectly colli-
mated, the focus on the receiver is blurred.
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As mentioned above, the PSF of the imaging optics
consists of the effects from aberrations and stray light. In
this paragraph, let us first focus on the impact of aberra-
tions on image quality; so, we turn off the raytracing of
stray light in the optical simulation model. Figure 1B
shows the ray paths of point sources at different x-axis
positions. The point source at the center corresponds to
the normal viewing angle. As the point source moves
from the center to the positive x-axis on the microdisplay,
the image is formed in the negative x-axis of the receiver.
As shown in Figure 1B, the corresponding viewing angle
of each point source can be calculated through L1 and L2,
where L1 is the distance between the lens and the
receiver and L2 is the distance between the center of
receiver and the imaging point. Different point source
corresponds to various L2 on the receiver and different
viewing angle. Figure 1C depicts the intensity distribu-
tion of different point source within the 20� FOV, and
the corresponding viewing angle is also marked in the
figure. Here, we focus on the analysis within 20� FOV,
which is a typical eye rotation range. For the FOV larger
than 20�, the users often turn their heads. It appears that
a point source located far from the center results in a
lower peak intensity and a wider spot size. In other
words, the resolution of the lens drops sharply. We fur-
ther align the peak positions of different intensity distri-
butions, as shown in Figure 1D, to illustrate that the
intensity distribution broadens with increasing viewing
angle. Aberrations widen the intensity distribution,
which in turn lowers the maximum resolvable density of

light engines. For a long time, researchers have pursued
high-resolution density displays based on the human
visual acuity, which is 60 pixels per degree. However,
after considering the aberration of VR imaging optics, the
target resolution density of light engines should be deter-
mined by the resolving power of imaging optics, rather
than by the HVS.

In this paragraph, the effect of stray light on the PSF
of the imaging optics is considered. Stray light is caused
by the surface reflection and depolarization of imaging
optics. The optical path scheme of the pancake imaging
optics is shown in Figure 2. The non-ideal reflective
polarizer and quarter-wave plate cannot convert the light
of different wavelength and incident angle to the desired
circular polarization as it propagates through the imaging
optics. In common practices, the polarization is slightly
elliptical, which causes stray light to degrade the image
contrast in a VR device. Figure 2A–C shows different
types of light paths in different colors: signal (green
color), stray light: type 1 (orange color), and stray light:
type 2 (red color), respectively. To evaluate the stray light
effect, we need to trace the stray light whose intensity is
much lower than that of the signal beam. Here, we lower
the raytracing power threshold to 10�5, which means
rays are traced until the power drops below 10�5. Also, to
maintain the simulation accuracy, the total number of
traced rays is 2 � 108, and more importantly, after a ray
hits each surface, it is further split into reflected, trans-
mitted, and absorbed rays. Compared to the signal beam
passing through the pancake lens three times, type 1 stray

FIGURE 1 (A) Schematic of

pancake virtual reality (VR) device in

LightTools. (B) The ray path of point

source in different positions with 1-mm

step. (C) The 1D intensity distribution

of each point source. (VA: viewing

angle) (D) Normalized intensity

distribution of point sources

corresponding to different viewing

angles, where the peak positions of the

different intensity distributions are

aligned.
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light passes through the pancake lens only once. There-
fore, it has a shorter optical path in the pancake lens, that
is, it experiences a smaller optical power. This insufficient
lens power results in a diverging beam impinging on the
ideal lens, and the diverging beam would be focused far-
ther from the intended receiver. By contrast, type-2 stray
light is reflected twice by the reflective polarizer (RP) and
experiences a stronger lens power than the signal beam.
As a result, the ray path is focused in front of the
intended receiver. Additionally, Figure 2D illustrates the
stray light from an off axis point source, where the center
of the stray light is separated from the signal beam. In
other words, ghost images caused by stray light do not
surround the target image point but are separated from
it. It is worth mentioning that in Figure 2D we only show
the signal beam and type 1 stray light, which are the ray
paths with maximum power, without including the type
2 stray light, to keep the figure visible. For the point
source located at the center of display, the power ratio of
stray light to signal ray is about 3.65%. This value is com-
parable to the result (2%–10%) reported in the paper of
Hou et al.22

After separately introducing the effects of aberrations
and stray light on the PSF of the imaging optics, we take
both factors into consideration in the following analysis.
Different test patterns as shown in Figure 3A are applied
to the VR device to evaluate the stray light effect on
image contrast. The white image size corresponds to a
FOV of approximately 40� (±20�). In each test pattern,

the central black image occupies 2.5, 7, and 12� of FOV,
respectively. For an ideal imaging optics, the central area
should be black (intensity = 0). However, the stray light
from adjacent pixels lowers the image contrast, as
Figure 3B–D shows. Here, the image contrast is defined
by the ratio of average intensity of dark areas to the aver-
age intensity of bright areas. The image contrast for the
three presented patterns is 108:1 (FOV = 2.5�), 236:1
(FOV = 7�), and 422:1 (FOV = 12�), respectively.
Figure 3 illustrates that although a perfect microdisplay
is applied, the image contrast is severely degraded by the
stray light of imaging optics. It is worth mentioning that
when the dark area expands to about 12� FOV, the
intensity at the center of the dark area is reduced to zero.
As a result, we did not continue to increase the dark
area size.

3 | MICRODISPLAYS

From the perspective of microdisplays, two types of
microdisplays are widely used in VR headsets: LCDs and
OLED displays. Because of the limited intrinsic contrast
of LCDs (<5000:1), the small light leakage in the dark
state cause image artifacts in a VR device. In the follow-
ing, we evaluate the dark state of a display with a con-
trast ratio of 500:1, 1000:1, 2000:1, and 106:1 (perfect dark
state). Here, OLEDs, mini-LED backlit LCDs, and micro-
LEDs are considered as having a perfect dark state, where

FIGURE 2 The scheme

demonstrating the light path for a

pancake virtual reality (VR) device. The

path of (A) signal ray (green color),

(B) stray light (type 1; orange color),

and (C) stray light (type 2; red color) in

the LightTools simulation model.

(D) The path of signal ray (green color)

and stray light (type 1; orange color) of

an off axis point source.

HSIANG ET AL. 267

 19383657, 2023, 5, D
ow

nloaded from
 https://sid.onlinelibrary.w

iley.com
/doi/10.1002/jsid.1199 by Shin-T

son W
u - U

niversity O
f C

entral Florida , W
iley O

nline L
ibrary on [29/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the brightness of dark state is zero. The radiation pattern
of the display is set to be directional as Figure 4A shows.

Moreover, to evaluate the image quality of a VR
device, the test patterns with frequency of [0.38, 0.95, 1.9,
4.75, and 9.5] cycles per degree (cpd) is displayed by the
microdisplay. The corresponding line width (T) of each
resolution pattern on the display is 500, 200, 100, 40, and
20 μm, respectively, and the pattern size is 40� FOV as
Figure 4B depicts. To support a 20-μm line width, the res-
olution density of the microdisplay should be higher than
1270 ppi.

4 | RESULTS AND DISCUSSION

Figures 5 and 6 illustrate the intensity distribution on the
receiver for different test patterns analyzed by the optical
model shown in Figure 1A. Because the test pattern only
varies along x-axis but remains uniform along y-axis
(Figure 4B), the intensity distribution is averaged along
y-axis.

We plot the average intensity distributions on linear
and logarithmic scales in Figures 5 and 6, respectively.
Logarithmic scale images help illustrate the intensity

FIGURE 3 (A) The test pattern

with different size of dark region (field

of view [FOV] = 2.5, 7 and 12�).
Normalized intensity distributions of

test patterns with dark regions

corresponding to (B) 2.5, (C) 7, and

12� FOV.

FIGURE 4 (A) Directional

radiation pattern of the microdisplay.

(B) Test pattern with various resolution

density: T = 500, 200, 100, 40, and

20 μm, and the size corresponding to

40� field of view (FOV).
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distribution at low intensity levels. Therefore, the effects
of stray light are more easily observed. Figure 5A–E cor-
responds to different pattern frequencies. Additionally,
the bin ranges on the receiver are �1000 bins and 1000
bins, corresponding to the viewing angle ranges of �10�

and +10�. In another word, 2000 bins correspond to a
FOV of 20� (one bin:0.01�). Let us first focus on the
results for a perfect dark-state panel (e.g., OLED or
micro-LED) whose image degradation is caused only by
the imaging optics. For the low frequency test patterns
(0.38, 0.95 and 1.9 cpd), the pattern remains clear over
the entire receiver area. The image contrast degradation
is mainly caused by the stray light from the imaging
optics. In these figures, the dark state ranges from 0.001
to 0.003, depending on the location. To clearly demon-
strate the dark-state variation, Figure 6A–E depicts the
average intensity distribution on the receiver in a loga-
rithmic scale. This stray light sets the upper limit for the

device contrast ratio to about a few hundreds to one, even
when the dark state of display is set to be completely
black. The contrast variation is mainly determined by the
stray light distribution on the receiver. As the test pattern
frequency increases (4.75 and 9.5 cpd), the patterns from
large viewing angles are merged so that the image con-
trast decreases. Therefore, image contrast gradually
decreases with increasing viewing angle. The maximum
image contrast in the center view is about 300:1
(4.75 cpd) and 50:1 (9.5 cpd). Under the high-frequency
pattern, we notice that the image contrast is mainly
determined by the aberration of the imaging optics. At
larger viewing angles, the widened PSF caused by aberra-
tion severely reduces the image contrast. Under such con-
dition, the stray light no longer makes a significant
impact on the image contrast. Overall, for low-frequency
target images, the image quality is mainly affected by
the stray light from the imaging optics. By contrast,

FIGURE 5 Intensity distributions

in linear scales of test patterns with

resolutions of (A) 0.38, (B) 0.95, (C) 1.9,

(D) 4.75, and (E) 9.5 cpd. The

corresponding contrast ratio

distributions of microdisplays with

various contrast ratios are also plotted.
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for high-frequency target images, the image quality is
mainly degraded by the aberration of the imaging optics.

Display artifacts, such as light leakage from the LCD,
are also considered in the simulation. Figure 6A–C illus-
trates that the light leakage from LCD is comparable to
(or even weaker than) the intensity of stray light (0.001 to
0.003). Therefore, compared to an OLED display with a
perfect dark state, as shown in Figure 5A–C, the imper-
fect display contrast only reduces the peak image contrast
by [43%, 60%, and 80%] for an LCD with CR = [500:1,
1,000:1, 2000:1], respectively. Moreover, boosting display
contrast by 4�, for example, from 500:1 to 2000:1, only
improves the image contrast by 1.8�. In other words, due
to the disturbance of stray light, simply increasing the
display contrast cannot achieve the expected high-
contrast image, that is, the benefit of increasing display

contrast is limited. For high-resolution patterns, the
image contrast degrades severely because the aberration
leads to pattern merging as shown in Figure 6D,E. Under
this condition, display artifacts do not cause a significant
reduction in image contrast. Additionally, the aberration
of the imaging optics limits the maximum resolvable
density of light engines to �9.5 cpd, which corresponds
to 1270 ppi for the microdisplay. Therefore, the benefit to
further increase the display's resolution density is not
obvious in our pancake VR device. It is worth noting that
the optical resolving power of the VR imaging optics
depends on the lens design. Some two-lens or three-lens
designs may offer a higher optical resolving power and
thus shall require a higher resolution density display.

Recently, using mini-LED backlight to achieve HDR
for LCDs has attracted much attention. However, how to

FIGURE 6 Intensity distributions

in logarithmic scales of test patterns

with resolutions of (A) 0.38, (B) 0.95,

(C) 1.9, (D) 4.75, and (E) 9.5 cpd.
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design the number of local dimming zones remains
unclear. Here, based on the above analysis, we plot the
image contrast under normal view as a function of pat-
tern frequency, as shown in Figure 7. Notably, the lowest
pattern frequency is as low as 0.0475 cpd. Same as the
above analysis, for high-frequency patterns (>5 cpd), the
aberration of the VR device is the dominant factor affect-
ing the image contrast. Regardless of the display perfor-
mance, the image contrast is almost the same because
the aberration of the VR device results in pattern merg-
ing. For the frequency ranging from 0.1 cpd to 5 cpd,
stray light is a major contributor to the decreased image
contrast and there is no noticeable gain in increasing the
display contrast. For low-frequency patterns (<0.1 cpd),
the intrinsic contrast of the microdisplay becomes the
dominant factor affecting the image contrast. A high con-
trast microdisplay significantly improves the image con-
trast of a VR device. From a mini-LED backlight design
perspective, the smaller local dimming zone size support
a higher frequency pattern with a higher display contrast.
On the other hand, a larger local dimming zone size only
support lower frequency modes with a high display con-
trast. Based on above discussion, it is not helpful to apply
extremely small-sized local dimming zones to support
high-frequency test patterns with a high display contrast.
This is because the image contrast of a VR device for
high-frequency image contents is primarily determined
by the optical properties of the imaging optics (stray light
and aberration of imaging optics). A high display contrast
helps improve the VR image contrast when the pattern

frequency is low. As Figure 7 shows, when the test pat-
tern frequency is between 0.1 and 0.0475 cpd (pink
region), a higher display contrast ratio makes a more
noticeable contribution to the VR image contrast. The
0.1- and 0.0475-cpd test pattern frequency corresponds to
2 and 4-mm width in the microdisplay, respectively.
Therefore, considering a 40-mm � 40-mm microdisplay
supporting a 100� FOV, the desired local dimming zone
number is about 400 (20 � 20) to 100 (10 � 10), depend-
ing on the intrinsic LCD contrast. For an LCD with
CR ≥ 2000:1, the image contrast is comparable to an
OLED display with a perfect dark state, even with test
patterns frequencies as low as 0.1 cpd. Therefore, we only
require about 100 (10 � 10) local dimming zones to see a
significantly improved image contrast when the fre-
quency is below 0.1 cpd. On the other hand, for an LCD
with CR = 500:1, the image contrast at a frequency of
0.1 cpd is noticeably different from that of an OLED dis-
play. Thus, about 400 (20 � 20) local dimming zones
would be required to improve the image contrast of test
pattern with 0.1-cpd frequency. This value is close to that
of commercial product such as Meta Quest Pro, which
has about 500 mini-LED local dimming zones.

Further subjective experiments or human visual
models, which take the contrast sensitivity function of
HVS into consideration, are essential to determine the
indistinguishable image contrast difference. In the above
simulation, the test pattern has an average picture level
(APL) of 50% (half the pixels on and half off) and a size
range of 40� FOV. In practice, the severity of stray light
depends on the APL of the image content. When more
pixels are turned on, the adjacent pixels receive more
stray light, which in turn reduces the image contrast.
Moreover, the birefringence of the lens is not considered
in our simulations.23 Therefore, further comparisons
between the simulation results and physical experimental
results are necessary.

5 | CONCLUSION

Through systematic analysis of the image defects in a
pancake VR device caused by both imaging optics and
microdisplay, we define the requirements for the micro-
displays. The image contrast of fringe patterns at differ-
ent frequencies is used as an evaluation metrics. In our
VR imaging optics, the aberration of the imaging optics
limits the maximum resolvable density of light engines,
and the stray light of imaging optics, although undesir-
able, sets the upper limit for the device contrast ratio.
Furthermore, enhancing the display contrast only sig-
nificantly improves the image contrast of low-frequency
contents (<0.1 cpd). Therefore, when applying local

FIGURE 7 Simulated image contrast of a virtual reality

(VR) device of test pattern with different frequency (0.0475 to

9.5 cycles per degree [cpd]). Aberrations, stray light, and display

contrast mainly determine the image contrast for high-frequency

(>5 cpd), mid-frequency (>0.1 and <5 cpd), and low-frequency

(<0.1 cpd) image content, respectively.
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dimming technology to LCD microdisplays, the size of
the local dimming zone does not need to be very small.
It just needs to be properly sized (around 2- to 4-mm
wide, depending on the intrinsic LCD's contrast ratio)
to improve the image contrast of low-frequency pat-
terns. Overall, based on our systematic analysis, the
specific requirements of microdisplays are defined in
terms of cooperative imaging optics.
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