LCT2-4

Fast-response Pancharatnam-Berry Lens for Head-up Displays

Xiuying Ren, Sida Li, Yueda Liu, Yan Li, and Yikai Su

Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai, China
Keywords: Pancharatham-Berry lens, fast-response, head-up display, adjustable distance

ABSTRACT

In this paper we demonstrate fast-response
Pancharatnam-Berry lenses (PBLs) based on polymer-
stabilized liquid crystal. After photo-alignment technique
and UV curing, the PBLs show submillisecond response
time. Based on two identical PBLs, a head-up display
system that can generate four different diopters is
demonstrated.

1 INTRODUCTION

Augmented reality (AR) [1], which superimposes virtual
scenes onto the real world, has been developed
extensively in recent years with widespread applications.
In modern automobile industry, head-up displays (HUDs),
which are aimed at enhancing road safety and driving
comfort, have been intensively developed [2]. HUDs can
project important driving information such as driving speed,
navigation information, road conditions and automobile
working information to the driver’s field of view directly.
Thus, the driver can possess the important information
rendered in front of the windshield without shifting
attention from the traffic.

Although HUDs have already been commercialized in
some smart cars, several critical technical problems still
need to be addressed. So far, most commercialized HUDs
render the virtual image at a fixed distance [3]. However,
the attention of drivers may not always focus on a fixed
distance during driving. So a HUD that can provide virtual
images at different distances are highly desired. To
accommodate to the fast-changing driving environment,
fast depth switching of virtual images is also important [4].

In this paper, we have proposed a HUD system based
on two identical Pancharatnam-Berry lenses (PBLs) [5],
which are fabricated by polymer-stabilized liquid crystal
(PSLC) [6] films. After non-interferometric single-exposure
technique [7] and UV curing, the fabricated PBLs show
high diffraction efficiency and submillisecond response
time. The HUD system can generate four different diopters
of -1.1, 0, +1.1 and +2.2 D with fast switching speed, so
that different virtual image depths can be rendered for
drivers with low latency.

2 EXPERIMENT

A PBL is a phase modulation device, whose phase
distribution is not generated by optical path length
difference, but by the spatial variation of optic axes of
anisotropic materials such as liquid crystals [5]. Here, to
achieve fast switching time, the PBLs are fabricated based
on PSLC, which is known to exhibit fast response due to
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strong polymer network. The fabrication process of the
PBLs based on PSLC is shown in Fig.1 (a) and (b). The
LC sample consists of four ingredients: a nematic LC, a
monomer, a photosensitive dye and a UV photo initiator.
Frist, the optical setup in Fig. 1 (a) is used to generate a
two-dimensional linear polarization field (green laser 532
nm), which is used to photo-pattern LC alignment [7].
Next, polymer networks are formed and LC alignment
stabilized after the sample being exposed to UV light, as
shown in Fig.1 (b).
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Fig.1. Fabrication of PBLs based on PSLC:
(a) Optical setup of the single-exposure
photo-alignment method [6] and (b)
polymer stabilization process.

In our experiment, the ratio of the monomer (RM257,
HCCH) and LC (E7, HCCH) was 6:94. Next, we added ~
1 wt.% methyl red (MR, Sigma Aldrich) and a small
amount of UV photo-initiator (Irgacure 651, Ciba
Specialty Chemicals). The well stirred precursor was
injected into premade empty LC cells. The samples then
underwent the two-step exposure process. First, a
polarization field (532nm) was generated by the spatial
light modulator (SLM), and illuminated the samples,

forming the lens phase profile by photo-patterning the LC.

The first step requires about 10 minutes to achieve a
stable state when the light intensity is ~100 m\W/cm?2.
Second, to form polymer network without disturbing the
LC alignment, 365 nm UV LED illumination was used to
induce cross-linking of the monomer. The second
procedure took about 10 minutes giving light intensity is
5 mW/cm?2. The cell gap of all the LC cells used is
approximately 3 um, and there is no alignment layer on
any of them. The SLM (PLUTO-VIS, Holoeye) has 1920
X 1080 pixels and the pixel size is 8 ym.

3 RESULTS
3.1 PBL test
At voltage-off state, the phase retardation (phase

difference between o- and e- rays) of the PBL is
approximately 2n. This is equivalent to no phase
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retardation, and as a result the lens function is turned off.
At 18 Vrms, the liquid crystal directors are tilted towards the
direction normal to the substrate, and a smaller phase
retardation of « is induced. So the half wave condition is
satisfied and the maximum diffraction efficiency is
achieved for the PBL. Thus, the lens is turned on.

Fig.2 (a) is a microscopic picture of the PBL. Fig.2 (b)
and (c) shows the images captured in the focal plane (~90
cm) of the PBL when it was illuminated with left-handed
circular polarized (LCP) collimated red laser light (633 nm)
at voltage-off and voltage-on (18 Vims) states, respectively.
One can see that most incident light was focused to a point
at 18 Vims because the PBL worked as a positive lens for
LCP light. And we used an 18 Vms alternative-current
square-wave signal with a frequency of 60 Hz to measure
the response time of the PBL. As shown in Fig.2 (d), the
rise time is about 367 us, and the decay time is about 464
g
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Fig. 2 (a) Microscopic image of the PBL.
Diffraction patterns of the PBL in the focal
plane at (b) voltage-off state and (c) voltage-
on state, respectively. (d) Response time of

the PBL.
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Fig 3. The lensing effects of a PBL for (a)
LCP and (b) RCP light from different sides
when it is turned on.

The same PBL would function as a positive lens for left-
handed circularly polarized(LCP) light, but as a negative
lens for right-handed circularly polarized (RCP) light as
shown in Fig.3. Moreover, as circularly polarized light
passes through a PBL, the handedness of the diffracted
light is set to the opposite. That is, LCP becomes RCP,
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and RCP becomes LCP. More interestingly, the direction
of the incident light determines the sign of the optical
power of the lens. As one can see from Fig.3 (a), when
LCP light comes from the left side, the PBL is a positive
lens, but when the same LCP light comes from the right
side, the PBL is negative. Similarly, RCP light coming
from the left and right sides encounters a negative and a
positive lens, respectively, as shown in Fig.3 (b).

To better illustrate this special property of a PBL, a
symbol ‘+’ is placed on the side of the lens that has a
positive focal length for LCP incident light. On the other
side of the lens, a symbol -’ is marked because it exhibits
a negative focal length for LCP. Of course, if RCP light
comes from the ‘+’ side, the PBL is a negative lens, and
when RCP light propagates from the ‘-’ side, the PBL
becomes a positive lens.
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Fig. 4 Schematic design of the proposed

HUD design.
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Fig 5. Schematic diagrams of four diopters
generating.

Fig.4 depicts the design of the AR system we
proposed. The two identical PBLs are closely stacked
with the “-” sides facing each other. The incident
polarization is switched into LCP by a broadband left-
handed circular polarizer. And a half mirror is used to
combine real scene with virtual images. The key of this
system to show four different depths with two PBLs is
that they have different functions for LCP and RCP light
as shown in Fig.3.

There are four different cases shown in Fig.5: First, in
Fig. 5(a), when both of the two PBLs are turned off, the
focal length is « (diopter is 0). Second, as Fig. 5(b)
shows, when PBL1 is turned on but PBL2 is off, the focal
length is +90 cm (diopter is +1.1). Third, Fig. 5(c) shows
that when PBL1 is off and PBL2 is on, the focal length is



-90 cm, and the diopter is -1.1. Last, when both two PBLs
are turned on, PBL1 converges the LCP light as a positive
lens, and converts it into RCP light. So PBL2 also works
as a positive lens for the converged RCP light as shown in
Fig. 5(d), and the total effective focal length of the two
PBLs is approximately a half of each, +45 cm (diopter is
+2.2).

In a word, this simple system can generate four different
focal lengths and diopters (~ -1.1, 0, 1.1, and 2.2).
Therefore, with reasonable optical elements arrangement,
four different depths of the virtual image can be observed.

3.3 HUD system results

We used a laptop screen to display virtual images in the
demonstration experiment. And we put a camera in the
eye place shown in Fig.4 to capture the virtual images
superimposed onto the real world.

In our experiment, we used the laptop showing the
letters “SJTU” serve as the image source of our HUD
system. Fig. 6 (a-d) shows pictures captured when the
virtual letters “SJTU” were displayed at 30 cm, 40 cm, 70
cm, and 230 cm by the two PBLs when the effective
diopter was -1.1, 0, 1.1 and 2.2, as in the abovementioned

four cases, respectively.
g
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Fig. 6. Photographs captured when “SJTU”
were rendered at (a) 30 cm, (b) 40 cm, (c) 70
cm and (d) 230 cm, respectively.

As Fig. 6(a) shows, when the camera was focused at
30 cm, the virtual image “SJTU” and the first polarizer that
was placed at 30 cm away from camera were clear, while
the second polarizer and letters on the white and black
boxes were blurred. When the digital camera was focused
at 40 cm, as Fig. 6(b) shows, the virtual letters “SJTU” and
the second polarizer placed at 40 cm away from the
camera were clear, letters on the white and black boxes

(c) 70cm

remained blurred while the first polarizers changed blurred.

As Fig. 6(c) shows, when the camera was focused at 70
cm, the virtual letters “SJTU” and the “SLIEDS” on the
white box were clear, while the first, second polarizers and
the words on the black box were blurred. As Fig. 6(d)
shows, when the camera was focused at 230 cm, the
virtual image “SJTU” and the words (“Maya”) on the black
box placed at 200 cm away from the camera were clear,
while the two polarizers and the words on the black box

were blurred. These results proved our display can
render virtual images at different depths with correct
depth cues. The virtual image can be switched fast
among different depths.

4 DISCUSSION

Compared to conventional HUDs proposed before,
our system is more simple and can switch the
information with different depths in submillisecond level.
And we do not need to use the same number of PSLC
films [8] as that of depth planes. We use only two PBLs
with the same diopter and low driving voltage to generate
four different planes. Furthermore, when placing N
switchable PBLs appropriately, 2N finite focal planes can
be generated theoretically, leading to higher depth
resolution.

5 CONCLUSIONS

In this paper, a new kind of HUD based on fast-
response PBLs has been demonstrated. In our design,
we employ only two pieces of PBL to produce four
different focal lengths, so that multiple or switchable
virtual image depths can be observed by drivers. And the
switching time of the PBL is submillisecond, which can
render different virtual image depths for drivers with low
latency.

Funding

National Natural Science Foundation of China
(61727808); Shanghai Jiao Tong  University
(YG2016QN37); Key Lab of Advanced Optical
Manufacturing Technologies of Jiangsu Province & Key
Lab of Modern Optical Technologies of Education
Ministry of China, Soochow University (KJS1607).

REFERENCES
[11 A. Markman, X. Shen, H. Hua, B. Javidi,
“‘Augmented reality three-dimensional object

visualization and recognition with axially distributed
sensing,” Opt. Letters 41(2), 297-300(2016).

[2] Y.C. Liu and M.H. Wen, “Comparison of head-up
display (HUD) vs. head-down display (HDD):
driving performance of commercial vehicle
operators in Taiwan,” Int. J. Human-Comput. Stud.
61, 679-697 (2004).

[3] M. K. Hedili, M. O. Freeman, and H. Urey,
“Microlens array-based high-gain screen design for
direct projection head-up displays,” Appl. Opt. 52(6),
1351-1357 (2013).

[4] T.Zhan, YH. Lee, J. Xiong, G. Tan, K. Yin, J. Yang,
S. Liu, and ST. Wu, “High-Efficiency Switchable
Optical Elements for Advanced Head-up Displays,”
SID Symp. Digest 50(1), 676-679 (2019, CA).

[5] S.LiY.Liu,Y.LiS.Liu,S. Chen, and Y. Su, “Fast-
response Pancharatnam-Berry phase optical
elements based on polymer-stabilized liquid crystal,”
Opt. Express 27(16), 22522-22531(2019).

[6] 1. Dierking, "Polymer network—stabilized liquid

IDW '19

242



crystals," Adv. Mater. 12(3), 167-181(2000).

[71 Y.L Y.Liu, S.Li, P. Zhou, T. Zhan, Q. Chen, Y. Su,
and S. T. Wu, “Single-exposure fabrication of tunable
Pancharatnam-Berry devices using a dye-doped
liquid crystal,” Opt. Express 27(6), 9054-9060 (2019).

[8] S. Liu, Y. Li, P. Zhou, X. Li, N. Rong, S. Huang, W.
Lu, and Y. Su, “A multi-plane optical see-through
head mounted display design for augmented reality
applications,” J. Soc. Inf. Disp. 24(4), 246—-251 (2016).

243 IDW '19



