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Efficient Linearly Polarized Lamp for
Liquid Crystal Displays
Chang-Ching Tsai and Shin-Tson Wu, Fellow, IEEE

Abstract—We propose a new optical design to produce linearly
polarized illumination for liquid crystal displays. The operation
mechanism is based on polarization conversion due to induced sur-
face plasmon polariton on metallic gratings in conical diffraction.
This linearly polarized lamp integrates an unpolarized light source
and a light recycling scheme inside the lamp housing. Its structure
is simple and, moreover, its optical efficiency reaches 92% in emit-
ting a linearly polarized light.

Index Terms—Backlight recycling, linear polarized light source,
polarization conversion via surface plasmons.

I. INTRODUCTION

L INEARLY polarized light is commonly used in liquid
crystal displays (LCDs) in order to achieve high contrast

ratio [1]. To obtain linear polarization from an unpolarized
backlight for direct-view displays or from an arc lamp for pro-
jection displays, a linear polarizer or polarizing beam splitter
(PBS) is widely used. However, more than 50% of the incident
light is lost by the employed polarizers. To recover the light
loss, several light recycling schemes have been developed
[2]–[5]. Basically, the recycling process includes a PBS (either
cube or film) to transmit one polarization, say -wave, from
the unpolarized light source while reflecting -wave back for
recycling, and a polarization converter to convert the -wave
back to -wave. All these schemes concern about the recycling
of the light outside the illuminating source. As a result, several
optical elements for light-guiding and polarization-converting
are required and the light recycling system is bulky.

In this paper, we propose a simple and efficient polarization
conversion scheme using induced surface plasmon polariton
(SPP) on metallic gratings, in which light recycling takes place
inside the lamp housing. Thus, the device is compact, light-
weight, and potentially low cost. First, let us briefly discuss
the polarization conversion through metallic gratings. It has
been reported [6] that a linearly polarized light can rotate its
polarization axis to a certain degree if the tangential incident
wavevector on the metallic grating plane is neither parallel nor
normal to the grating vector. Such polarization conversion is
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Fig. 1. Polarization conversion occurs in the conical diffraction when a linearly
polarized light is reflected from the metallic grating with incident angle �, az-
imuthal angle �, polarization angle �, and grating period �.

due to the resonance of SPP with the diffracted light [7]. In par-
ticular, certain deep metallic gratings can cause both very high
polarization conversion efficiency and broadband performance
[8], [9]. Recently, an application of this SPP-type polarization
converter for LCD backlight with a very high recycling effi-
ciency was reported [10]. Typically, a highly reflective metal
would excite stronger SPP due to the contribution of dense
free electrons. Therefore, in practical applications the material
used is usually silver- or aluminum-coated gratings. Since the
reflector inside the lamp is also coated with metals, we then
seek for an alternate possibility to integrate the polarization
converter with the lamp structure inside the lamp housing.

II. DEVICE CONFIGURATION

Fig. 1 indicates the necessary conical diffraction between the
incident light and metallic gratings to induce SPP polarization
conversion, where is the polar (incident) angle, is the az-
imuthal angle. The unit polarization vector is indicated by and

is the polarization angle (the angle between and in the in-
cident plane , where the unit normal vector and tangential
vector with respect to , satisfying ). With
or 90 it corresponds to or field that is perpendicular to
the plane of incidence respectively. The grating is in the
plane with grating vector along and the incident plane is
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Fig. 2. (a) The front view of our polarizing lamp: a long light tube, a broadband
wide-angle polarization beam splitter (PBS), and an arc-metallic grating re-
flector (GR). The initial unpolarized quasi-cylindrical�-wave passes the �-wave
through PBS and reflects back �-wave to GR, where �-wave is rotated into el-
liptical �� �-wave. The total emitting power of �-wave is greatly enhanced by
this light recycling process. (b) The side-view of the polarizing lamp. In simula-
tion, the lamp dimension is determined by the parabolic reflective grating (RG),
which is characterized by � � �� , with � � ����, � � � � �, and � � �� �.

Inside the lamp,	 �
��

� divides the ray tracing area into zone � and ��, re-

spectively. The profile of the trapezoid grating is with the top � � �� nm,
bottom � � �� nm, depth 
 � �	� nm, and pitch
 � ��� nm, oriented with
azimuthal angle � � ���.

determined by and vectors. For polarization conversion to
occur, the azimuthal angle should satisfy or .

Fig. 2(a) shows the front view of our polarizing lamp which
consists of a long light tube as light source, a PBS film as lamp
cover, and an arc-metallic grating as reflector, and Fig. 2(b) de-
picts the side view. The working principle is described as fol-
lows. First, the light tube emits a quasi-cylindrical -wave in all
directions. If the reflective grating is, for example, parabolic and
the position of cross-section of the light tube is located at near
the focus of the reflective grating, then the rays are supposed
to pass through the PBS almost parallel. Initially, the PBS will
transmit one polarization, say TM or -wave, of the unpolarized
light and rebound the other polarization, TE or -wave, back to
the reflective grating. Next, the light will undergo the recycling
process. When the returned -wave hits the reflective gratings,
its polarization is changed to elliptical and reflected back toward
PBS again. The ellipticity is characterized by its two elliptic
axes with the respective TE and TM components. If a perfect
polarization conversion occurs, namely a complete rotation of

-wave into -wave, then the ellipse will be reduced to a line
along the TM axis. We can say that high ellipticity represents
a high polarization conversion value and gives better recycling
efficiency. The PBS film will transmit the -wave of the ellip-
tically polarized light and bounce back the remaining -wave.
This is called one cycle of the light recycling. By repeating many
such cycles, our polarizing lamp can emit a -wave dominated
light.

III. RESULTS

The groove shape and azimuthal orientation of reflective grat-
ings are essential in determining the polarization conversion ef-
ficiency. The detailed mechanisms have been discussed in our
previous publications [10], [11]. If the polarization conversion
value is high, in one or two cycles, the lamp can output a fairly
pure linearly polarized light. For simplicity, we consider the
grating pitch in the subwavelength range of visible light, i.e.

so only the zeroth diffracted order is the propagation
mode, while the others are evanescent waves. Besides, since the
curvature radius of our arc reflector is much larger than the
pitch, , the grating can be treated as plane for each in-
cident ray. Then the propagation of rays inside the lamp will
follow the Snell’s law. In such condition and ignoring the ab-
sorption from PBS (it is typically very small [12]), the total con-
verted -wave can be calculated as follows:

(1)

where is the polarization conversion efficiency of
-wave converted to -wave, is the reflectivity of

grating for the incident -ray of in the -th cycling
process, is the emitting angle of each -th cylindrical ray
from the light tube in the range , and is the

-th wavelength in visible spectrum, nm .
Here the definition of is the power carried by the reflected

-wave divided by that of the incident -wave passing the
propagating cross section. Typically, for a normalized randomly
polarized light, we set the initial intensity . In the
simulation we present here, we choose the location of the light
tube along the symmetric -axis at the bottom of the silver re-
flective gratings as shown in Fig. 2(b). In this configuration, we
only need to discuss in the range of due to
symmetry with -axis (for the ray cannot propagate

out of lamp housing). There is a zone line from the
tube point to the lamp edge point , which divides the lamp
into two zones. In zone , the initial unpolarized light to use (1)
is , but in zone the rays will hit the reflective
gratings first before going into the PBS, so the initial unpolar-
ized intensity for each , ray should be calculated as following.
We note that the reflectances of -wave and -wave are gener-
ally different, i.e. . For -wave,
indeed is equal to the sum of the two components: and ,
i.e., , where is the polarization converted
and is the efficiency of the polarization not converted. In
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Fig. 3. (a) The total normalized emitting power of �-wave after one time light
recycling for ��� � � � ��� �nm� and � � � � �� with maximum
� � �	�
��, minimum � � �
��
� and average �� � �
��	�.
(b) The result of five times recycling, maximum � � �
����, minimum
� � �
��
� and average �� � �
����.

the same way, for -wave . Therefore, in zone
the initial unpolarized light in (1) is

and . It is proven that for the zeroth
order propagating wave, the conversion efficiencies of
and are equal, i.e. for symmetric gratings
[13], [14], but . Next, we show the numerical results
of the total polarized power of the configuration in Fig. 2, where
the shape of the groove is identical to the trapezoid grating used
in [10]. The numerical method used here to calculate the var-
ious diffraction coefficients is the rigorous coupled wave anal-
ysis [11], [15], [16]. Inside the lamp, we follow the typical ray
tracing technique to determine the light propagation. The disper-
sion and absorption of visible light with silver [17] are included
in the calculation.

Fig. 3(a) and (b) give the total intensity of the outgoing
-wave in one and five cycles of light recycling, respectively.

We see that most of the polarized power in region can
reach 80% both in one cycle and five cycles. For polarizing
performance of this lamp, we define the figure of merit as an

integrated average of the -polarized power over the ranges of
incident angle and wavelength after cycles

(2)

The average power for one and five cycles in Fig. 3 are
and , respectively. We now com-

pare with the emitting efficiency of the lamp , which
is obtained by replacing the grating reflector with the same
smooth arc-reflector and removing the PBS. On the other hand,

represents the unpolarized illuminating power from the
lamp. Similar to (2), we can calculate .
Now with the same incident condition, the calculated result is

, which means we can transform an unpolarized
lamp into a linearly polarized light source with high efficiency

. This figure demonstrates that our lamp is
a very high energy-saving device to provide linearly polarized
illumination. This linearly polarized lamp is particularly useful
for projection displays using LCD panels [2].

IV. CONCLUSION

We have utilized the surface plasmon polariton-aided polar-
ization conversion on metallic gratings to design a new lamp,
which can emit a linearly polarized light with rather high effi-
ciency. Comparing with other polarization conversion schemes,
this lamp has several advantages. 1) It does not need any light
guide, which is generally made of several prisms and reflec-
tors. Therefore, it greatly reduces the complexity of the display
system. 2) The power efficiency is almost unbeatable. Since in-
side a lamp there always needs a reflector embedded, which
causes certain inevitable power loss, now we use the same re-
flector with grooving not only to reflect the light but also get the
polarization converted. In this way, we do not need additional
polarization conversion elements such that the loss is controlled
to minimum. The multi-function of grating reflector is the key
element for saving energy. 3) The whole light recycling process
is integrated inside the lamp house, which will make this device
compact and lightweight. This feature is particularly attractive
for portable devices, e.g., micro- projectors, cellular phones, and
other mobile displays.
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