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ABSTRACT

Study focuses on optimization of an edge-lit 
backlight module for a three-dimensional liquid 
crystal mobile phone display. The module is de-
signed with microstructures on the top and bottom 
surfaces of the light-guide plate to offer time-multi-
plexed projection of light into a viewer’s eyes. We 
simulated the module by optical software (Trace-
Pro) and liquid crystal software (LCDMaster 2D). 
The results effectively eliminate the need for prism 
sheets and satisfy three main performance metrics, 
namely a direction light-emission angle, uniformity 
of illumination, and crosstalk elimination.

Keywords: geometrical optics, optics in com-
puter engineering, design and manufacture of optics, 
physical optics

1. INTRODUCTION

With the gradual popularization of 3D images in 
daily life, people enjoy the 3D image brought about 
the sensory stimulation. Autostereoscopic displays 
work by emitting two lights at different angles for 
a viewer’s left and right eyes, thereby producing a 
stereoscopic view [1, 2]. This method is called mul-
tiplexed‑2D, that is to use 2D screen to produce 3D 
images, and this way can be divided into two main 
types: spatial-multiplexed and time-multiplexed 
types. The current technique of spatial-multiplexed 
type for an autostereoscopic display requires the 
periodic striped shelter, a prism sheet or lenticu-
lar lenses to produce the right eye and left eye of 
the two groups of signals at the same time, not only 

the brightness and resolution will be declined, but 
also the energy is a great loss [3–6]. The technique 
of time-multiplexed type intermittently generates a 
left image and a right image projecting the left and 
right eyes, respectively. The frequency of this signal 
is greater than the frequency of visual persistence 
that allows the audience to produce stereoscopic vi-
sion [7–15]. An edge-lit backlight module can re-
duce costs if it can be designed to produce light 
for left and right eyes only, by using a light-guide 
plate (LGP). In this study, an edge-lit backlight for 
a time-multiplexed stereoscopic display is proposed 
for use in mobile phones.

The viewer’s left and right eyes are perpendicu-
lar to the light emission. The angles of light emis-
sion for viewer’s eyes are at about ±10°, as shown 
in Fig. 1. An LGP can provide directional brightness 
and uniformity of the output light [16–19].

We design a 5.0-inch time-multiplexed LGP 
to generate two highly directional lights based on 
optimized micro-structural plates. When the left- 
and right-side light sources are active, the LGP can 
emit light directly into the viewer’s right and left 
eyes, respectively.

Through cooperation between the sequential-
ly switching light sources and the liquid crys-
tal, the left and right eyes can acquire two signals 
to achieve a stereoscopic effect. Optical software 
TraceProTM is used to simulate the illuminance, 
direction, uniformity, and crosstalk of the output 
lights. It is shown that our proposed LGPs with 
v-cut and curved microstructures have ideal effi-
ciencies in terms of orientation angle, uniformity, 
and crosstalk of the output light.
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2. DEVICE STRUCTURE

Fig. 2(a) depicts the structure of the backlight 
module including the LGP, reflective sheet, obser-
vation plane, and left- and right-side light sources. 
Each light source comprises twelve light emitting 
diodes (LEDs) placed along the z-axis. The LGP is 
made of Polymethyl methacrylate (PMMA); its in-
dex of refraction is 1.49, its area is 110 mm×65 mm, 
and its thickness is 3 mm. Structural parameters of 
the Siemens LWT676 LED are shown in Table 1. 
The surface of the reflective sheet is diffusely white. 
The observation plane is 1 mm above the LGP and 
can detect the distribution of the illuminance of the 
output light.

Three types of LGP microstructures are com-
pared with one another, as shown in Figs. 2 (b), (c), 
and (d). Type 1 has v-cut microstructures on its bot-
tom surface. Setting the median of the LGP as the 
plane of symmetry, the v-cut microstructures are 
described by a one-dimensional linear equation ac-
cording to a previous study [20], as shown in Eq. 
(1).

S aT b= − ,	 (1)

where, S is the interval with v-cut corrugation and 
T is the interval without v-cut corrugation and are 
adjustment parameters. The T interval is needed 
to uniformly distribute the light power across the 
whole LGP area. Without a T interval, the light 
rays will be distributed intensely in the area near 
the light source. Microstructures are placed along 
the x-axis but in two opposite directions on the bot-
tom surface of the LGP. As shown in Fig. 2(b), the 
left and right halves of the LGP have microstruc-
tures described by one-dimensional linear equations 
along the +x and –x axes respectively. Each groove 
of the v-cut microstructure has a 55° vertex angle 
and base angles of 40° and 85°. There is a 0.05-mm 
space between each groove climax.

The Type II LGP has a symmetric v-cut micro-
structure of fixed spacing w, which is uniformly ar-
ranged on its bottom surface. The microstructure 
is created by two oppositely placed Type I micro-
structures, each with a width of 0.10 mm as shown 
in Fig. 2(c).

Type III combines the Type II design with an-
other micro-structure uniformly arranged on the 
top surface of the LGP. This other microstructure is 
symmetrically curved, with a fixed spacing p. The 

Table 1. Parameters of the Siemens LWT676 LED 
Light Source

Source type Flux
Luminous flux 0.05l m
Wavelength 0.5461 um
Angular distribution Lambertian
Total rays 240000

Fig. 1. Edge-lit Backlight Module in Autostereoscopic 
Display

Fig. 2. Structure of the backlight module - (a), Type 1 - (b), 
Type II - (c), and Type III - (d)
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curved microstructure consists of two circular arcs, 
each of width 0.10 mm, and the tilt degree of each 
curved surface is ±10° as shown in Fig. 2(d).

The crosstalk between the right view and left 
view for the central observer is determined the fol-
lowing equation [14]:
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,	 (2)

where IR and IL are the measured maximum inten-
sity for the right and left views at the viewing an-

gles θR and θL respectively. In this experiment, we 
found that leakage and signal ratio is similar at 10˚ 
and –10˚ in the left eye and the right eye. A defini-
tion of crosstalk is present in this study as follow 
[21]:

/ 100Crosstalk leakage signal= × %,	 (3)

where leakage is defined as the maximum lumi-
nance of light that leaks from the unintended chan-
nel into the intended one, whereas the signal is de-
fined as the maximum luminance of the intended 

Fig. 5. Comparison of uniformity and crosstalk: (a) – ​left 
light source, (b) – ​right light source

Fig. 3. Illuminance in the 13 points at the observation plane

Fig. 6. Crosstalk: (a) – ​crosstalk when the right side light 
source emits; (b) – ​crosstalk when the left side  

light source emits

Fig. 4. Rectangular relative luminous intensity  
distribution plot
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channel that is detected at an angle of maximum 
light emission. In this study, we aim to reduce cross-
talk. In the right-eye channel, the ratio of the mea-
sured luminance of the right-side light source (leak-
age) to  that of the left-side light source (signal) 
should be lower. Conversely, the ratio should be 
lower in the left-eye channel too.

In addition to testing the crosstalk of a direction-
al light source, uniformity is considered a metric for 
evaluating the performance of the backlight module 
in an autostereoscopic display. Fig. 3 shows the uni-
formity of the output light. The ratio of minimum il-
luminance (Imin) to maximum illuminance (Imax) at 
13 points on the observation plane can be expressed 
as Eq. (4).

( )/ 100min maxUniformity I I= × %.	 (4)

The optical conversion efficiency of the output 
light is well-defined as the ratio of the illuminance 
(Io) on the observation plane to the emitted illumi-
nance (Ie) of the light sources, and is evaluated as 
Eq. (5).

( )/ 100o eOpical conversion efficiency I I= × .	 (5)

3. RESULTS AND DISCUSSION

Six models of LGP microstructures are com-
pared with one another in terms of uniformity, an-
gle of maximum light emission, and crosstalk, as 
shown in Table 2. For the Type LGP, the v-cut mi-
crostructure on the bottom surface is described 
by S=T‑10(T≥13), with a = 1 and b = 10. For the 
Type II‑1, II‑2, II‑3, II‑4, and II‑5 LGPs, w (the 
interval on the bottom surface) is set to 1.5 mm, 
1.2 mm, 1.0 mm, 0.8 mm, and 0.8 mm respectively.

In the results all measurements from viewer’s 
left and right eyes are going on in perpendicular di-
rection to the light emission. The maximum light 
emission of the Type I LGP is concentrated on the 
source side, and the maximum light-emission an-
gles are 85° and –85°; those of the Type II‑4 and 
Type II‑5 LGPs are 9° and –9°, whereas those of 
all other LGPs are 10° and –10°. These results 
show that the maximum light-emission angles of 
the Type II designs are more suitable than those of 
the Type I design for use in a backlight module, as 
shown in Figs. 4 and 5.

Comparing the uniformity and crosstalk in 
Fig. 5, we observe that lower values of w produce 
lower crosstalk and uniformity, whereas higher 
values produce higher crosstalk and uniformity. 
Because the major parameters for evaluating the 
performance of backlighting modules for time-mul-
tiplexed autostereoscopic displays have higher uni-
formity, lower crosstalk, and maximum light emis-
sion, we select the Type II‑2 and II‑3 designs for 
use, as their uniformity is higher than 70 %, cross-
talk is less than 13 %, and light-emission angles are 
at 10° and –10°.

To reduce crosstalk in the left- and right-eye 
channels, we add curved microstructures to  the 
tops of the Type II‑2 and Type II‑3 LGPs, forming 

Fig. 8. Restangular luminous intensity distribution plot 
of Type111-2 LGP when both light sources emit

Fig. 7. Illuminance 
map of Type III‑2 LGP: 
(a) – ​the uniformity is 
76.1 % when the left 
side light source emits; 
(b) – ​the uniformity is 
75.9 % when the right 
side light source emits
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Type III‑1 and Type III‑2 designs respectively, sim-
ilar to Fig. 2(d). The curved micro-structures are 
symmetrically arranged with a regular interval of 
p = 1.1 mm. When the left and right sources are ac-
tive, the results of uniformity and optical conver-
sion efficiency are detected in the observation plane 
and those of crosstalk are detected at the maximum 
light-emission angles of –10° and 10°, as summa-
rized in Table 3.

For the sight range of the human eye from ±7.5° 
to ±20°, we observe that the Type III‑2 design 
has the best quality in terms of time-multiplexed 
projection into eyes for an autostereoscopic dis-
play, and that the optical conversion efficiencies 
of the Type III‑1 and Type III‑2 designs are high-
er than those of the Type III‑2 and Type II‑3 ones. 
Figs. 6(a) and (b) show the crosstalk detected on 
the observation plane when the right and left sourc-
es emit light into the left- and right-eye channels re-
spectively. The illuminance maps of the Type III‑2 
design are shown in Figs. 7(a) and (b). Fig. 8 pro-
vides a rectangular candela-distribution plot of the 
Type III‑2 LGP.

By liquid crystal software (LCD master 2D), the 
simulated results of the Type III‑2 design are shown 
in Fig. 9. As an example in Fig. 1, we simulate the 
illumination property of a twist nematic (TN) cell. 
We set the polarizer thickness is 10 µm and angle 
is 45˚, the analyzer thickness is 10µm and angle is 

135˚ in Fig. 1, the alignment directions of the up-
per and lower substrates are parallel to the polarizer 
and analyzer respectively. There are added the liq-
uid crystal that parameters are has elastic constants 
k11= 16.7pN, k22=1pN, k33=18.1pN, Δn = 0.083 
and Δε = –4.2. The liquid crystal cell gap is 10µm. 
The simulated results are shown in Fig. 10.

Fig. 9. Illumination: (a) – ​right side light source; (b) – ​left 
side light source

Table 2. The LGP with V–Cut Microstructures on the Bottom Surface

Type Uniformity Light emitting angle a Crosstalk (%) b

Type 1, S=T‑10(T≥13) 10.3 % –85° and 85°
Type 11–1, w =1.5 mm 81.7 % –10° and 10° 13.8 and 13.9
Type 11–2, w =1.2 mm 77.3 % –10° and 10° 12.5 and 12.6
Type 11–3, w =1.0 mm 73.2 % –10° and 10° 11.2 and 11.5
Type 11–4, w =0.8 mm 66.2 % –9° and 9° 11.1 and 11.0
Type 11–5, w =0.5 mm 56.2 % –9° and 9° 9.0 and 8.9

a left and right angle of the maximum emitting light
b crosstalk at left and right eye channel (%)

Table 3. Results of Uniformity, Optical Conversion Efficiency and Crosstalk of Emitting Lights

Type Fixed spacing of w and p Uniformity Efficiency, % c Crosstalk, % b

11–2 w = 1.2 mm 77.3 % 49.7 49.9 12.5 12.0
11–3 w = 1.0 mm 73.2 % 53.0 53.1 12.6 12.3
11–1 w = 1.2 mm, p=1.1 mm 77.3 % 56.0 56.0 11.2 10.7
11–2 w = 1.0 mm, p = 1.1 mm 73.2 % 57.9 57.9 11.5 10.9

c optical conversion efficiency of left and right light
b crosstalk at left and right eye channel
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Checking the Fig. 10 against the Fig. 9, we 
find almost the same each other about a direction 
light-emission angle, uniformity of illumination, 
and crosstalk elimination.

5. CONCLUSION

It was observed that the Type III‑2 LGP de-
sign offers the largest luminance at ±10° for hu-
man eyes. This design exhibits an average unifor-
mity of above 75 %, an average crosstalk ratio of 
below 10.8 %, and an optical con-version efficiency 
of above 57.9 %. Our successful results effective-
ly eliminate the need for a prism sheet and satisfy 
three main performance parameters, including a di-
rect angle of light emission, uniformity of illumina-
tion, and elimination of crosstalk.

REFERENCES

1. A. Yuukia, M. Agaria, N. Iwsakia, T. Sasagawaa, 
S. Tahataa, T. Satakea, O. Murakamia, K. Odaa, A. ltob 
and S. Miyakeb, “A new field sequential stereoscopic 
LCDs by use of dual-directional-backlight,” Journal of 
Information Display, 2004, #5, pp. 6–9.

2. B. Lee, “Three-dimensional displays, past and pre-
sent,” Phys. Today, 2013, #66, pp. 36–41.

3. X. Xiao, B. Javidi, M. Martinez-Corral, and 
A. Stern, “Advances in three-dimensional integral imag-
ing: sensing, display, and applications,” Appl. Opt. 2013, 
#52, pp. 546–560.

Fig. 10. Illumination through liquid crystal: (a) – ​right side 
light source; (b) – ​left side light source

4. W. Maphepo, Y.P. Huang, and H. P.D. Shieh, “En-
hancing the brightness of parallax barrier based 3D flat 
panel mobile displays without compromising power con-
sumption,” J. Disp. Technol. 2010, #6, pp. 60–64.

5. C. H. Chen, Y.P. Huang, S.C. Chuang, C.L. Wu, 
H.P. Shieh, W. Mphepö, C.T. Hsieh, and S.C. Hsu, “Liq-
uid crystal panel for high efficiency barrier type autostere-
oscopic displays,” Appl. Opt. 2009, #48, pp. 3446–3454.

6. Y. Inoue, S. Sakamoto, K. Takahashi, C. Kanai, 
Y. Imai, and Y. Shimpuku, “A novel parallax liquid crys-
tal barrier for temporally interlaced autostereoscopic 3D 
displays,” SID Digest 2012, #43, pp. 221–224.

7. Y. P. Huang, C.W. Chen, T.C. Shen, and 
J.F. Huang,”Autostereoscopic 3D display with scanning 
multi-electrode driven liquid crystal (MeD-LC) lens,” J. 
3D Res. 2010, #1, pp. 39–42.

8. C. W. Chen, M. Cho, Y.P. Huang, and B. Javidi, 
“Improved viewing zones for projection type integral im-
aging display using adaptive liquid crystal prism array,” 
J. Disp. Technol. 2014, #10, pp. 198–203.

9. B. Lee and J.H. Park, “Overview of 3D/2D switcha-
ble liquid crystal display technologies,” Proc. SPIE, 2010, 
#7618, 761806.

10. Y. P. Huang, L.Y. Liao, and C.W. Chen, “2-D/3-D 
switchable autostereoscopic display with multi-electri-
cally driven liquid-crystal(MeD-LC) lenses,” J. Soc. Inf. 
Disp. 2010, #18, pp. 642–646.

11. Y. C. Chang, T.H. Jen, C.H. Ting, and Y.P. Huang, 
“High-resistance liquid-crystal lens array for rotatable 
2D/3D autostereoscopic display,” Opt. Express 2014, #22, 
pp. 2714–2724.

12. T. H. Jen, Y.C. Chang, C.H. Ting, H.P. Shieh, and 
Y.P. Huang, “Locally controllable liquid crystal lens array 
for partially switchable 2D/3D display,” J. Disp. Technol. 
2015, #11, pp. 839–844.

13. R. Brott and J. Schultz, “Directional backlight 
guide considerations for full resolution autostereoscopic 
3D displays,” SID Digest, 2010, #41, pp. 218–221.

14. C.H. Ting, Y.C. Chang, C.H. Chen, Y.P. Huang, 
and H.W. Tsai, “Multi-user 3D film on a time-multiplexed 
side-emission backlight system”, Applied Optics, 2016, 
#55, pp. 7922–7928.

15. K.W. Chien and H.P.D. Shieh, “Time-multiplexed 
three-dimensional displays based on directional backlights 
with fast-switching liquid-crystal displays,” Applied Op-
tics, 2006, #45, pp. 3106–3110.

16. C.F. Chen and S.H. Kuo, “A Highly Direction-
al Light Guide Plate Based on V-grooves Microstruc-
ture Group,” Journal of Display Technology, 2014, #10, 
pp. 1030–1035.

17. J.W. Chen, K.L. Lee∗, J.J. Wu, C.Y. Lin, “Design 
a backlight system to a LCD of vertical-field-switching 
bluephase,” Optik, 2014, #125, pp. 6713–6715.

18. K.L. Lee and K.Y. He, “Effect of Micro-Struc-
tural Light Guide Plate on Source of Linearly Polarized 
Light,” Journal of Lightwave Technology 2011, #29, 
pp. 3327–3330.



Light & Engineering	 Vol. 28, No. 2

119

19. J.R. Yan, Q.H. Wang, D.H. Li, and J.D. Zhang, 
“Edge-Lighting Light Guide Plate Based on Micro-Prism 
for Liquid Crystal Display,” Journal of Display Technol-
ogy 5, 355–357(2009).

20. C.Y. Lin, K.L. Lee, P.Y. Tsai and J.W. Chen, “De-
sign of Directional Light Source for Blue Phase LCD,” 
Proc. SPIE, 2014, 9272, 927205.

21. A.J. Woods, “How are crosstalk and ghost-
ing defined in the stereoscopic literature,” Proc. SPIE, 
2011,7863, 78630Z.

Chien-Min Hun 
received his M.S. degree in electrical engineering and computer science from 
National Taipei University of Technology in 2011. He is currently working toward 
the Ph.D. degree at the electro-optical engineering, National Taipei University 
of Technology. His current research interest includes backlight module design and 
industry trend analysis and innovations of new prototype design

King-Lien Lee 
received the M.S. degree in physics from National Taiwan Normal University 
(NTNU) in 1980 and received the Ph.D. degree in Graduate Institute of Science 
Education from NTNU in 1999. He is a Professor of Electro-Optical Engineering 
at National Taipei University of Technology. His research interests are backlight 
system, industry trend analysis and innovations of new prototype design

Che-Yen Lin 
received the M.S. degree in electro-optical engineering, from National Taipei 
University of Technology in 2015.
His research interest includes backlight module design and structure optimization

Mei-Wen Chen 
received her M.S. degree in electro-optical engineering from National Taipei 
University of Technology in 2018. Her current research interest includes backlight 
module design and structure optimization

Jin-Jei Wu 
received his M.S. degree in Industrial engineering from National Chiao Tung 
University (NCTU) in 1980 and received the Ph.D. degree in Department 
of Electronics Engineering from NCTU in 1989. He is a Professor of Electro-
Optical Engineering at National Taipei University of Technology. He has more than 
20 years experience in liquid crystal display improvement


