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Abstract

The Pancharatnam‐Berry optical elements (PBOEs) are utilized to enhance the

performance of head‐up displays (HUDs). The Pancharatnam‐Berry lenses

(PBLs) provide varifocal functionality and compensate chromatic aberrations,

while the Pancharatnam‐Berry deflectors (PBDs) can function as optical com-

biners and waveguide couplers. Moreover, the Rigorous coupled wave analysis

(RCWA) based on the scattering matrix is developed and applied in the struc-

ture optimization of PBOEs for HUD applications.
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1 | INTRODUCTION

With the rapid development of high brightness yet com-
pact display systems and increasing needs from the mod-
ern automobile industry, head‐up displays (HUDs),
aimed at enhancing road safety and driving comfort, have
been intensively developed in recent years.1–3 The very
name “head‐up” precisely and concisely emphasizes the
main benefit of this type of automotive display. Useful
driving information such as navigation instructions,
adaptive cruise control data, and lane‐departure warnings
are directly projected to the driver's field of view (FOV).
The driver could conveniently process the necessary
graphics displayed in front of the windshield, holding
his/her attention on the traffic without shifting or
refocusing of eyesight, just like a pilot of a jet fighter.

Although HUDs have already been installed in some
commercial vehicles, several critical technical issues
remain to be addressed. So far, most commercialized
HUDs project the virtual image at a fixed distance, typi-
cally around 2.5 m in front of the driver. However, the
driver may not focus on the fixed virtual image distance
wileyonlinelibrary.com/jour
(VID) in different driving circumstances, such as driving
fast on highways and relatively slow in local lanes. The dis-
play brightness and total power efficiency is another big
concern in HUDs. For the driver to perceive the image
contents, a tolerable ambient contrast ratio, say >3:1, has
to bemaintained under various ambient conditions, which
is quite challenging especially when the sunlight is strong.
Such a brightness issue may become more severe in next‐
generation HUDs with an enlarged FOV and longer VID.

In this paper, we propose to integrate the Pancharatnam‐

Berry optics elements (PBOEs)4–6 into next‐generation HUD
systems to deal with the issues above‐mentioned. Firstly, the
working principle and the functionalities of PBOEs are
introduced. After that, the application of PBOEs in HUDs
are demonstrated in details. The VID could be adaptively
changed in less than one millisecond with switchable PBLs
for various driving environments. Simultaneously, the look
down angle (LDA) could also be switched accordingly by
PBDs to keep the virtual image on the road. Moreover, the
reflective Bragg PBD7–9 is a promising candidate as a
polarization‐selective high‐efficiency optical combiner (OC)
for higher total power efficiency and thus better contrast
© 2019 Society for Information Displaynal/jsid 223
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ratio. In the emerging waveguide‐type HUDs, the reflective
Bragg PBDs could double the FOV and significantly reduce
the component volume. We also developed a rigorous
coupled wave analysis (RCWA)10 simulation method to
optimize the spectral and angular performance of PBOE
structures for various HUD applications.
2 | OPERATION PRINCIPLE

Liquid crystal Pancharatnam‐Berry optical elements are
essentially functional planar structures with a spatial‐
varying anisotropy. By changing the anisotropy distribu-
tion, arbitrary phase pattern could be achieved in theory,
including but not limited to the deflector, lens and even
microlens arrays. Thanks to their approximately 100% dif-
fraction efficiency, strong polarization selectivity, and low
fabrication cost, PBOEs could be well utilized in various
kinds of emerging display applications11,12 for perfor-
mance enhancement.

The PBOEs in the Raman‐Nath regime can be under-
stood as a patterned half‐wave plate with in‐plane varia-
tion in crystal axis, denoted as Ψ(x,y). With a circularly
polarized input light, Jones calculus can be established
as follows:

Jout ¼ R −ψð ÞW πð ÞR ψð ÞJin ¼ −je±2jψJ∓; (1)

Jin ¼ J± ¼ 1ffiffiffi
2

p 1

± j

� �
; (2)
where R(Ψ) is the rotation matrix, W(π) is the retardation
Jones matrix of half‐wave plate, and J± is the Jones vector
of right‐handed circular polarized (RCP) and left‐handed
circular polarized light (LCP). It is observed that the
spatial‐varying phase pattern could be arbitrarily gener-
ated by patterning the azimuthal angle of liquid crystal ori-
entation. Based on this concept, PBOEs with lens13,14 and
grating15,16 patterns are depicted in Figure 1A. It should be
emphasized that the phase accumulation of PBOEs mani-
fest opposite signs for RCP and LCP. As a result, a PBL
may function as a converging lens for RCP input but a
diverging one for LCP, as shown in Figure 1B. Similarly,
a PBD would diffract RCP and LCP into opposite
directions.

With their distinct polarization dependency and
electro‐optic response of liquid crystals, two types of
dynamic switching can be realized: active and passive.
For passive switching, the PBOEs are made of liquid crys-
tal polymers, which are not switched directly. Instead, we
place an electrically switchable polarization rotator (eg, a
90° twist‐nematic [TN] LC cell with a λ/4 plate) in front
of the PBOE. By controlling the polarization handedness
of the incoming beam, the PBOE will function differently.
For active switching, the PBOEs are usually made of liq-
uid crystal cells using indium tin oxide (ITO) glass sub-
strates. By directly applying a voltage across the PBOE
device, the LC directors will be reoriented from the pat-
terned half‐wave plate to homeotropic state, and the opti-
cal function of PBOEs vanishes immediately. Table 1
FIGURE 1 A, The schematic

illustration of liquid crystal anisotropy axis

orientation in Raman‐Nath

Pancharatnam‐Berry optical elements

(PBOEs) and B, according spatial phase

change for orthogonal circular

polarizations



TABLE 1 Electric and polarization response of PBOEs in the

Raman‐Nath regime

W/o Voltage W/voltage

Input polarization RCP LCP NA

PBL optical power K −K 0

PBD diffraction order 1 −1 0

Output polarization LCP RCP NA

Abbreviation: LCP, left‐handed circular polarizer; PBOEs, Pancharatnam‐

Berry optical elements; RCP, right‐handed circular polarizer.
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summarizes the driving schemes of PBDs and PBLs with
their corresponding optical effects.

PBOEs in Bragg regime, usually with a higher degree
of twist in the axial (z axis) direction than those in
Raman‐Nath regime, could be fabricated by adding some
chiral dopants into the host LC mixture, whose anisot-
ropy axis orientation patterns are illustrated in Figure 2.
The Bragg PBOEs could be made either transmissive or
reflective by engineering their twist structures. With
numerous periods in the axial direction, Bragg PBOEs
generally provide a larger deflection angle and manifest
higher spectral and angular selectivity than the PBOEs
in Raman‐Nath regime, which enables useful HUD appli-
cations such as narrowband polarization‐selective OCs
and waveguide‐display grating couplers.
3 | APPLICATIONS TO HUDS

3.1 | Switchable VIDs and look‐down
angles

Figure 3 illustrates the optical setup of a conventional
projection‐type HUD for automobile displays. The image
FIGURE 2 The schematic illustration

of liquid crystal anisotropy axis orientation

in reflective A, Pancharatnam‐Berry

deflectors (PBD) and B, Pancharatnam‐

Berry lenses (PBL)
from the display panel (DP) is projected toward the wind-
shield by the curved mirrors (M1 and M2). The optical
power of the mirrors determines the VID. A transmissive
PBL (or PBD) is placed between the curved mirror system
and the OC to control the virtual image distance (or look
down angle). Utilizing the polarization selective nature of
polymeric PBLs, the virtual image depth can be switched
by simply changing the input polarization states to
accommodate different driving circumstances.

Before integrating PBLs into HUD system, the
polarization‐dependent focal length of PBLs is verified
from the apparatus illustrated in Figure 4A. The left and
right side of the display light is converted to LCP and
RCP by a pair of circular polarizers. The virtual image
content is then observed through a PBL, as Figure 4B
shows. Because of the PBL, the image is separately
displayed at different distances by controlling the polari-
zation state of incoming light at a different part of FOV.
With a patterned circular polarizer integrated into the
conventional HUD system, as depicted in Figure 3, the
HUD image can be directly displayed at two image dis-
tances. Furthermore, with a polarization converter (usu-
ally made of fast‐response twisted‐nematic LC) placed
before the PBL, the VID can be conveniently switched.
To prove the concept, in Figure 5, a PBL is integrated into
a simplified HUD system, where a doublet lens replaces
the curved mirrors. Moreover, a multiplane light field
HUD is also applicable through time17 or polarization18

multiplexing.
Similarly, PBDs can also be employed as image

shifter19 to adaptively change the look‐down angle
through the same operation approaches for PBLs as men-
tioned above. With PBDs placed in the projection system,
the whole virtual image or even part of it could be shifted
to different angles for various driving circumstances.



FIGURE 3 Schematics of the optics in a

direct projection type HUD, where DP:

display panel; M: mirror; OC: optical

combiner (windshield)

FIGURE 4 A, Experiment setup and B,

photographs of two virtual image

distances (VID) enabled by polarization

selective focal length of a Pancharatnam‐

Berry lenses (PBL) (DP: display panel;

LCP: left‐handed circular polarizer; RCP:

right‐handed circular polarizer; L:

refractive lens)

FIGURE 5 Photograph captured

through a head‐up displays (HUD)

focusing at (left) short and (right) long

virtual image distance enabled by a

passive‐driven Pancharatnam‐Berry lenses

(PBL)
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Moreover, with PBDs continuously switching on and off,
the FOV of HUD systems can be effectively enlarged if a
fast‐response display engine is available.
3.2 | Polarization‐sensitive see‐through
OC

In the HUDs developed for automobile and aviation indus-
tries, high‐quality OCs are vital components to combine
the projected graphics and the see‐through external envi-
ronment. While most aftermarket HUDs are equipped
with an independent OC, HUDs from original equipment
manufacturers (OEM) usually directly employ the wind-
shield as a simple OC for better see‐through quality and
smaller form factor. Because of the enforced requirement
of high transmittance for the safety of drivers, the allowed
windshield reflectivity is highly limited, typically less than
25%, resulting in a significant loss of the light from the
optical engine. Thus, relatively narrowband combiners
that share similar functional spectrum range to display
light from the HUD light engine can be applied to increase
the optical efficiency, while maintaining the required
transmittance. Since the reflective PBOEs are mainly in
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the Bragg regime, they usually manifest high‐diffraction
efficiency in a narrow spectral band in comparison with
the transmissive PBOEs. And the functional band of reflec-
tive PBOEs could be easily tuned by using polymerizable
LCs with different birefringence, similar to a thick chole-
steric liquid crystal layer. For example, the first‐order dif-
fraction efficiency of a reflective PBD with 678‐nm
grating period and 182‐nm helix twist pitch is simulated,
and the results are plotted in Figure 6. For a fixed incident
angle, the location of the reflection band can be easily
tuned to RGB wavelengths by changing the helix twist
pitch of reflective PBOEs while using the same LC poly-
mer. It is also applicable to cascade polymeric PBDs with
different reflection bands to achieve deflection at RGB
wavelengths for a full‐color HUD. Moreover, to maintain
high‐efficiency with an increased incident angle, a
FIGURE 6 Simulated spectral response of reflective

Pancharatnam‐Berry deflectors (PBDs) made of liquid crystal

polymers with different birefringence

FIGURE 7 Side view of waveguide HUD input couplers employing A

Pancharatnam‐Berry deflectors (t‐PBD) and output pupil expansion usin

efficiency output grating coupler with a polarization management layer
gradient pitch method can be applied to fabricate chirped
PBDs, which was originally designed for cholesteric liquid
crystals. The diffraction efficiency of reflective Bragg PBDs
could be conveniently tailored as well, from 0% to 100%,
through controlling the thickness of the LC polymer layer.
Also, because a single‐layer reflective PBOE deflects one
handedness of light polarization and transmits the other,
more margin is achieved when evaluating the trade‐off
between transmittance and reflectance of the OC with
unpolarized environmental light and a polarized display
light. As a result, with the same apparent transparency,
the ambient contrast ratio is considerably enhanced com-
pared with the conventional half‐mirror approach.

Moreover, the PBOE made of liquid crystal polymer
can be fabricated on a flexible substrate and then lami-
nated onto a curved surface. Thus, similar to holographic
optical elements (HOEs), it is applicable to laminate
reflective PBOEs with customized phase patterns on
curved surfaces, including the windshield in OEM HUDs
and also the combiner screen in aftermarket ones.
3.3 | Coupler for waveguide‐type HUD

HUDs based on the waveguide structure20 have been
developed because of their enlarged FOV and compact
form factor. Although this kind of structure behaves more
like a lightguide, it is commonly referred to as “wave-
guide” display. The input and output grating couplers are
essential optical components in the waveguide displays.21

The input PBD attached to one side of the waveguide
accepts the incident beam from the display engine and
deflects it into the waveguide. To satisfy the condition of
total internal reflection, the grating period is customized
according to the refractive index of the waveguide and
, reflective Pancharatnam‐Berry deflectors (r‐PBD), B, transmissive

g C, efficiency‐varying output grating couplers and D, a uniform‐

(PML)
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LC polymer. The input coupler should manifest high effi-
ciency for the first‐order diffraction within an acceptable
FOV. Higher‐order diffractions should be minimized for
efficient light utilization and reduced stray light. Both
transmissive (t‐PBD) and reflective (r‐PBD) Bragg PBDs
can be made by tuning helix twist pitch of the LC struc-
ture, which is usually controlled by the concentration of
chiral dopants. And both of them are applicable as input
grating couplers, as Figure 7A,B depict. Although both r‐
PBD and t‐PBD can provide greater than 95% diffraction
efficiency for a circularly polarized light, the diffraction
efficiency of r‐PBDs increases as the LC polymer gets
thicker,22 while that of t‐PBD shows a more sophisticated
dependence on the thickness.23 Consequently, the thick-
ness control of high‐efficiency t‐PBDs is more stringent
than that of r‐PBDs.

When the light is extracted from the waveguide through
an output grating coupler, an exit‐pupil‐replication
method is usually applied to enlarge the usable eye box.
Since light intensity decreases each time it encounters
the output coupler, an output coupler with spatial‐varying
diffraction efficiency is commonly employed to ensure a
relatively uniform output intensity from each replicated
exit pupil. This approach should be applied more cau-
tiously when the VID is very short, since the output image
may appear at several different VIDs because of different
propagation length in the waveguide. Generally, each suc-
cessive out‐coupling needs to be more efficient because of
the intensity loss when the light propagates in such a leaky
waveguide. Conventionally, the out‐coupling efficiency is
tuned by changing the structure of the grating itself, as
illustrated in Figure 7C. By changing the thickness of the
LC layer, spatial‐varying diffraction efficiency can be
achieved for PBDs. Considering the characteristic polari-
zation dependency of PBDs, the out‐coupling efficiency
can also be controlled by the polarization of the
propagating light, utilizing a polarization management
layer (PML),24 as depicted in Figure 7D. The PML is a
transparent anisotropic film with variable permittivity
matrix along the waveguide, which controls the polariza-
tion state of display light and manifests no effects on the
intensity of the see‐through light. It is also worth mention-
ing that the polarization‐based exit pupil replication
method is suitable not only for PBD couplers but also for
other grating couplers with high‐polarization sensitivity.
Thanks to the flat physical surface of PBDs, two‐dimension
exit pupil replication using PBDs can be conveniently
achieved by not only the conventional spatial‐separated
cascading25 but also crossed‐overlapping26 configuration,
as illustrated in Figure 8A,B, respectively. And extra PMLs
can be placed between the two PBDs to providing addi-
tional degrees of freedom for uniform out‐coupling inten-
sity, as depicted in Figure 9.
4 | SIMULATION AND
OPTIMIZATION BY RCWA

In order to simulate the diffraction efficiency of PBOEs
for different wavelength and indecent angles, a numerical
simulation tool employing the RCWA is developed. The
simulation is based on the scattering matrix formulation
for efficient memory usage and convenient implementa-
tion. As shown in Figure 10, the diffraction efficiency of
non‐twist single‐layer PBOEs is limited since the half‐
wave condition cannot be satisfied for the whole visible
spectrum, while the fabrication process can be quite sim-
ple.27 Also, the LC birefringence dispersion28 described in
Equation 3 deteriorate the situation:

Δn ¼ Gλ2λ*2= λ2 − λ*2
� �

; (3)
FIGURE 8 Top view of coupler layout

and according grating vectors in

waveguide‐type head‐up displays (HUDs)

employing A, an input grating, a turn

grating, an output grating, and B, two or

more independent input gratings with two

crossed overlapping output gratings



FIGURE 10 Simulated first‐order diffraction efficiency of

Pancharatnam‐Berry optical element (PBOE) in Raman‐Nath

regime employing liquid crystals with different birefringence

dispersion

FIGURE 11 Molecular structure and fitted birefringence

dispersion of reactive mesogen RM257 in the visible spectrum,

where G = 2.68 μm−2 and λ* = 0.222 μm in Equation 3

FIGURE 12 Simulated first‐order diffraction efficiency of

Pancharatnam‐Berry optical elements (PBOEs) with symmetric

two‐layer twist structures based on the birefringence of RM257

FIGURE 9 Cross section of the two crossed overlapping output

gratings with Pancharatnam‐Berry deflectors (PBDs) on the A,

same and B, both sides of the waveguide

ZHAN ET AL. 229
where G is the proportionality constant and λ* is the
mean resonance wavelength.

To achieve high‐diffraction efficiency over a broader
spectral range, especially at the three primary colors, a
symmetrically twisted LC orientation in the axial direc-
tion16 could be applied. Such a two‐layer linear twist
structure can effectively enlarge the high‐efficiency band-
width to cover most of the visible spectrum. Furthermore,
by employing a nonlinear twist structure, such as polyno-
mial or exponential, the broadband range of the symmet-
ric two‐layer structure can be even wider. Figure 11
shows a fitted birefringence of an LC reactive mesogen
RM257 based on the data from Merck,29 which is utilized
to compare the performance of linear and nonlinear twist
structure. The LC orientation angle ψ in the first layer of
the symmetric two‐layer structures can be expressed as

ψ ¼ ∑
n

i¼1
an

z
d

� �n
; z ∈ 0; d½ �: (4)

And the second layer z ∈ [d, 2d] is symmetric to the
first layer with respect to the plane z = d. Figure 12
depicts the first‐order diffraction efficiency of two‐layer
structures with a linear (a1 = 68.8o, d = 1.53 μm) and
nonlinear (a1 = −6.75o, a2 = −6.17o, a3 = 112o,
d = 2.28 μm) twist. With more degrees of freedom, the
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two‐layer structure with a nonlinear twist can provide a
broader bandwidth than that with a linear twist.
5 | CONCLUSION

The emerging PBOEs can boost the performance of
HUDs in many perspectives. PBLs enable multiple or
switchable virtual images distances for various driving
circumstances. PBDs provide switchable looking down
angle. The Bragg PBDs could function as a polarization‐
sensitive OC for better ambient contrast ratio and grating
couplers for waveguide‐type HUDs, significantly reducing
the component volume while increasing the FOV.
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