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ABSTRACT

The fast response Fresnel liquid crystal lens with multiple electrodes structure had been proposed and optimized. The
multi electrodes in the new Fresnel LC lens were placed at both inner surfaces of LC cell. By supplying specific
operating voltages on each electrode, the optimized Fresnel LC lens was closed to the ideal Fresnel lens. The experiment
results indicated that the Fresnel LC lens not only performed fast switching rate without over-drive method, but also had
the advantage of low operating voltage. Furthermore, by using overdriving method, the response time could be further
reduced but just need 15volts in a short time. It meant that a fast switching between 2D and 3D image display could be
obtained by switching Fresnel LC lens on and off. In the end, the fast switching display was also demonstrated.
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1. INTRODUCTION

Recently, many researchers invest in developing 3D display technology to produce more natural images from displays.
For autostereoscopic display, such as holographic type', volumetric type®, and multiplexed-2D type’, the observers can
perceive 3D images without extra components. Now, the multiplexed-2D method has been widely used in 3D application
due to its easy implementation property. However, the technologies such as fixed parallax Barrier* and lenticular lens
arrays™® cause image degradation when displaying 2D image. Therefore, to overcome the degradation of 2D image
quality and also to show 3D image, many 2D/3D switchable displays’ have been proposed. For instance, by replacing the
fixed lenticualar lens with the liquid crystal (LC) lens*’, the 2D and 3D images can be shown by just switching the LC
lens on and off'"'?. When applying certain voltages, the local electric fields are formed, and then the non-uniformed
electric field distribution causes the liquid crystal material reorient that the refractive index changes accordingly. Then,
the phase difference is achieved and results in the change of light direction. Base on the above concept, the switchable
LC lenses are electrically controlled to modulate the emissive light from image pixels as the operating voltage applied,
and the light pass through the LC layer directly as off-status.

Although the liquid crystal lens can supply 2D/3D images switching property, the slow on/off switching time is still
a limitation because of the thick LC layer. Therefore, decreasing the switching time is needed. The LC response time can
be further improved by reducing cell gap and over-driving according to the LC response time formula'*. According to
this concept, the Multiple Electrodes Driving Fresnel LC lens (MeD-Fresnel LC lens) "> with narrow cell gap and low
operating voltage is proposed. By the multi-electrode structure and its controlling method, the liquid crystal is reoriented
and has a Fresnel lens-like shape. Consequently, the proposed MeD-Fresnel LC lens not only reduces the response time,
but also keeps the optical properties similar to conventional LC lens. Hence, the MeD-Fresnel LC lens with fast
switching rate can be applied for fast 2D/3D switchable display. Furthermore, the driving voltage is much lower than
conventional LC lens.

2. PRINCIPLE OF THE PROPOSED DESIGN

Based on this basic GRIN lens principle'®, the LC lens proposed in this study was designed to own the index
distribution of the LC lens. The refractive index difference (An) between the center and the edge along the radial
direction could be evaluated as Eq. 1'7. Where the r is the radius of LC lens, d is the thickness of LC layer, and f'is
the focal length. The refractive index difference (An) is a function of parabolic curve. Hence, the LC lens could
focus light effectively when the An is closer to ideal parabolic curve.
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The multi-electrically Driven Liquid crystal (MeD-LC) lens structure'” proposed before was shown in Fig.1 (a). For
proposed MeD-LC lens, the outer electrode made the electric field distribution smooth and continuous in the LC cell by
applying certain voltages on each corresponding electrodes. Thus the refractive index distribution was close to the ideal
curve and then built a good lens-like shape. However, the operating voltage had to be high to induce a strong electric
field across the LC layer due to the thick glass which was sandwiched between electrode layer and LC layer. So the large
operating voltage is also a key issue for application.

In order to reduce the operating voltage, the electrode layer must put inside LC layer. From Fig.1 (b), if the
electrode layer was inside the cell, the electric field could be obtained easy just by small operating voltage. However, the
discrete electric field would appear due to the grating structure. The un-uniform electric field made the light is focused
badly. Nevertheless, from the concept of Fresnel lens'”'* which was proposed for years, the amount of material could be
reduced by breaking the traditional lens into a set of different prisms but it still kept the same optical properties.
Therefore, combining the concepts of inner-electrode MeD-LC lens and Fresnel lens, the new LC lens structure called
Multiple Electrodes Driving Fresnel Liquid Crystal (MeD-Fresnel LC) lens was proposed and the scheme of concept was
also shown in Fig. 2. The discrete electric field distribution of inner-electrode MeD-LC lens was useful for building
Fresnel LC lens because of the Fresnel lens was a combination of a set of discrete prisms. Hence, the new MeD-Fresnel
LC lens with low operating voltage and narrow cell gap was obtained.
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Figure 1. Refractive index difference (An) distribution of the MeD-LC lens by using (a) outer electrode structure and (b) inner
electrode structure
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Figure 2. Concept of MeD-Fresnel LC lens : Fresnel lens + MeD-LC lens = MeD-Fresnel LC lens

3. EXPERIMENT

According to the simulation result presented in the above section, the experimental results were showed below. The
results proved that our design had low operating voltage and fast response time compare to the traditional LC lens.
Finally, the crosstalk phenomenon of the MeD-Frensel LC lens and demonstration were also shown. The prototype of
MeD-Fresnel LC lens was fabricated and was measured as indicated in Fig. 3. Each MeD-Fresnel LC lens had 24
electrodes at both top and bottom substrates inside the LC cell that could be applied operating voltage individually to
form different Fresnel prisms.

Figure 3. Prototype of MeD-Fresnel LC lens

To check the focusing ability of the MeD-Fresnel LC lens, the specific voltages were applied on each electrode. The
incident light was He-Ne laser whose wavelength was around 632.8nm. The CCD was placed at the focal plane of the
MeD-Fresnel LC lens to measure the light intensity distribution. The captured images of without applying voltages (un-
focusing status) and with applying voltages (focusing status) were shown in Fig. 4 (a) and (b). Furthermore, the
measured light intensity distribution was also shown in Fig. 4(c). The green region in Fig. 4(c) indicated the width of one
MeD-Fresnel LC lens. The red line (dotted line) and blue line (solid line) indicated the incident light distributions when
focusing and after focusing respectively. This result showed that the light was focused effectively by the MeD-Fresnel
LC lens. Besides, the beam size can be judged by the full width at half maximum (FWHM), which was also used to
compare the focusing ability. The smaller beam size represented a better focus ability. The FWHM of our design was
about 59um, which was better than the traditional LC lens (~80um). This result showed that the MeD-Fresnel LC lens
with multi-electrode at both top and bottom substrates inner the LC cell made incident light be focused effectively.
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Figure 4. (a)The captured image of MeD-Fresnel LC lens before applying voltage, (b) the one after applying voltage , and (c) the
measured power intensity at focal plane

In addition, the focus length was about Imm when the driving voltage was about 5 volts, and its frequency was 1
KHz under operation. Compared to the operating voltage of MeD-LC lens (~30volts, 1 KHz) for the same focal length,
the proposed new structure had much lower operating voltage than traditional one.

To calculate the switching rate of the MeD-Fresnel LC lens, the CCD which could capture images sequentially by
0.2s per frame was used. Besides, in LCD applications, the overdrive'’ method was used to reduce the response time of
LC cell. By applying a large voltage (pulse type) through the electrodes first, the LC molecules rotated in a very short
time and then the desired operating voltage signal was applied to stabilize the focusing ability. Therefore, applying the
overdrive method on the MeD-Fresnel LC lens, a pulsed voltage (3 times of the desired operating voltage) was applied to
the LC cell. And the desired operating voltage signal (5V.,s) was also applied following. The result was got and was
shown in Fig.5. From the result, with the over-drive method, the switching rate of the MeD-Fresnel LC lens was reduced
effectively within 0.2s. Comparing with conventional MeD-LC lens, the switching rate of MeD-Fresnel LC LENS was
much less than conventional one which switching rate still took about 6~10 seconds.
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Figure 5. Sequential focusing images of the MeD-Fresnel LC lens with over-drive method. It indicated that the response time was
around 0.2s.

In 3D displays, crosstalk could be defined as the leakage of left eye image to the right eye and right eye image to the
left eye’. If the crosstalk was too high, human couldn’t perceive two different images that no 3D sensation, as well as the
uncomfortable feeling will be caused. The crosstalk phenomenon could be minimized when the images projected to the
exact eyes. By ray-tracing method, the horizontal light intensity distribution of each viewing zone was simulated. The
distance between each view was around 65 mm which identified with eye distance at the viewing distance (~1m), After
calculating by Eq. 2, the crosstalk by using the MeD-Fresnel LC lens was obtained and the value was around 29%, which
was similar the MeD-LC lens (about 24%) but lower than the double electrode LC lens (about 42%). The results
demonstrated that 3D display with the MeD-Fresnel LC lens could get the similar performance of 3D image as using
traditional MeD-LC lens, but much better than the conventional double electrode LC lens.

I .
Crosstalk = ——=——x 100 % )
Imax + Imin
Finally, the prototype of 2D/3D switchable display with the proposed MeD-Fresnel LC lens was also demonstrated.
The 2D image and 3D image were observed and were also shown in Fig.6. The MeD-Fresnel LC lens was operated only
Svolts which was within the range of normal LC driving condition thus it was much easy for implementation.

2D Mode 3D Mode

(b)

Figure 6. Snapshots of (a) 2D and (b) 3D images from the proposed 2D/3D switchable display
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4. CONCLUSIONS

A novel active device, Multiple Electrodes Driving Fresnel LC (MeD-Fresnel LC) lens was proposed. The simulation
and experiment results indicated that a good Fresnel lens-like distribution device with multiple transparent electrodes
structure at both top and bottom substrates inside the LC layer could be achieved. The MeD-Fresnel lens had a fast
switching rate (less than 1s) without using over-drive method as well as the switching time could be further reduced to
0.2s by using over-drive method. Compare to the switching time of the traditional MeD-LC lens (~ 4~10s), the response
time had been further improved. Besides, the operating voltage (~ Svolts) was much lower than the MeD-LC lens (~
30volts) that the proposed lens was much suitable for application. In addition, the crosstalk was also calculated and the
value was around 29%. Therefore, the fast switching between 2D and 3D image with the proposed structure was
demonstrated and was obtained through switching the MeD-Fresnel LC lens on and off.
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