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Viewing Zone Expansion of Autostereoscopic
Display With Composite Lenticular Lens Array
and Saddle Lens Array

Jian Zhao

Abstract—The light field display technology can reconstruct
the virtual three-dimensional scene with high precision, providing
users with a highly immersive viewing experience without any
auxiliary equipment. However, one of the main challenges faced
by this technology is the narrow field of view (FOV). In this paper,
we present a novel autostereoscopic display utilizing Composite
Lenticular Lens Array (CLLa) and Saddle Lens Array (SLa).
By utilizing time-division quadruplexing, distinct contents are as-
signed to different pairs of viewing zones. The optical model of this
scheme is simulated by ZEMAX. The FOV is expanded horizontally
to 100 degrees and the crosstalk level is reduced to 0.8 %, ideally.
It is worth noting that both viewing zones share the same set
of pixels, which theoretically results in a spatial resolution one
times higher than traditional schemes. Furthermore, this scheme
has been partially verified by a 7.9-inch TFT-LCD screen, and
experimental results demonstrate an effective expansion of the field
of view angle by more than 16.2 % compared to traditional schemes.

Index Terms—Light field display, field of view, micro-lens array.

1. INTRODUCTION

HUS far, autostereoscopic display technology has a wide
T range of applications in various fields due to its consid-
erable potential and benefits, including but not limited to car
navigation, digital signage, biomedicine, military operations and
education [1], [2], [3], [4]. For instance, medical professionals
can readily execute 3D stereoscopic procedures without relying
on 3D head-up displays in the realm of medical stereoscopic
presentations [5]. In the realm of automotive navigation [6],
autostereoscopic display systems can offer drivers an immer-
sive navigation experience based on real-life scenarios. For
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educational purposes [7], students can visually experience the
appearance and structure of 3D models. However, the existing
naked-eye 3D display technology still faces the challenges such
as insufficient spatial resolution, distorted depth perception, and
limited field of view. greatly hinders the widespread adoption of
this technology.

There are various technical solutions available for autostereo-
scopic display, such as holographic display [8], [9], volumetric
3D display [10], multi-layer liquid crystal display [11], [12],
and light field display based on micro-lens arrays [13], [14].
Nevertheless, none of them can be deemed as the ultimate 3D
display solution. Due to precise phase or amplitude modulation,
holographic display technology [15] can reconstruct a 3D scene
with ultra-high angular resolution within a specific viewing
angle. Therefore, the user is able to observe almost all features of
the real object at a specific location without visual fatigue. How-
ever, this technology suffers from speckle noise, narrow field of
view, and large data volumes. The volumetric 3D display tech-
nology [16] could provide a seemingly continuous virtual scene
by utilizing a high-speed variable-focus lens based on visual
retention principles. Obviously, this technology is limited by
its high refresh rate, power consumption, and large size. Multi-
layer liquid crystal display [17] could render ultra-high spatial
resolution of three-dimensional scene by controlling the light
transmission rate of each layer of liquid crystal. This technology
offers advantages such as thinness, low power consumption, and
high spatial resolution. However, the depth-of-field is severely
limited by the gap between liquid crystal layers. Light field
display technology based on micro-lens array [18] is considered
to be one of the best solutions for commercial autostereoscopic
display due to its ability to provide high angular resolution and
a large depth-of-field range without vergence-accommodation
conflict (VAc) [19], [20]. However, the main challenges associ-
ated with this technology are narrow field-of-view and spatial
resolution loss. In recent years, expanding the field-of-view of
autostereoscopic displays has become a major area of research.

Several methods have been proposed to expand the field of
view. A proposal was put forward for an autostereoscopic 3D
display system featuring dynamic fusion of the viewing zone
under eye tracking [21], which offers enhanced 3D image quality
and an extended viewing range based on dynamic fusion of
the viewing zone (DFVZ). A spatial reality display capable
of autostereoscopic display [7] was proposed, utilizing Sony’s
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Fig. 1.  Light space representation for autostereoscopic display. (a) Light field

scan lines. (b) Two-dimensional sampling grid.

high-speed vision sensor and face recognition technology to
achieve accurate detection and eye recognition. Nonetheless,
the occurrence of latency in dynamic response speed following
a change in viewer position is an inevitable phenomenon. A
light-field display system utilizing lenticular lens array (LLA),
lens array (LA) and holographic functional screen (HFS) has
been demonstrated [22]. The prototype achieved 70-degrees
horizontal viewing angle and 30-degrees vertical viewing angle,
with 11000 viewpoints obtained. However, the combination of
alarge field of view angle and dense viewpoints inevitably leads
to spatial resolution loss. To address this issue, a projection-type
integral imaging system [23] has been proposed to enhance the
viewing zone of the input 3-D scene. However, the size has
undergone a significant increase, while the spatial resolution
has experienced a decrease.

In this article, a novel autostereoscopic display utilizing Com-
posite Lenticular Lens Array (CLLa) and Saddle Lens Array
(SLa) were proposed, which generates two symmetrical view-
ing zones within the field of view. By utilizing time-division
quadruplexing, distinct contents are assigned to different pairs
of viewing zones. Experimental results show that the field of
view is expanded to 100 degrees, and the spatial resolution is
doubled, theoretically.

II. PRINCIPLE AND ANALYSIS

A. The Overall Design of the System

Currently, autostereoscopic display primarily relies on binoc-
ular parallax in the horizontal direction to produce stereo per-
ception within the human brain. Therefore, the distribution
of horizontal parallax will be emphasized in this article. As
shown in Fig. 1(a), the lenticular sheet represents a continuous
micro-lens array (MLa) in the horizontal direction with pitch
of An. The LCD layer’s sub-pixel size is Am and is located
on the back focal plane of the lenticular, with a gap equal
to the focal length f of the lenticular. The n-axis defines the
plane of the lenticular, while the m-axis defines that of the
LCD screen. It should be noted that the two axes are oriented
in opposite directions. In conventional integrated imaging, the
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Fig. 2. Schematic diagram of structure principle.

subpixel region is defined as the elemental image array (Ela)
covered by a single lenticular. However, the inconsistent relative
distances between each subpixel and the lenticular optical axis
result in directional refraction of light propagation after passing
through the lenticular. Therefore, the subpixel density in Ela can
reflect the angular resolution of integrated imaging, while the
width of the micro-lens can reflect the spatial resolution. The
field of view can be defined as the maximum spatial angle of
refracted light from the two sides of Ela subpixels after passing
through their corresponding lenticular, as expressed in (1) [24],
0 = arctan g (1)
2f

Cartesian coordinate system (m, n) is established, where the
m-axis denotes the LCD layer and the n-axis represents the
lenticular sheet, as illustrated in Fig. 1(b). Each point on the
figure corresponds to a light ray emitted from sub-pixel m
and passing through lenticular n. The interval of each column
represents the sub-pixel interval, also known as viewpoint in-
terval or angular resolution (Am), while the interval of each
row represents the lens section width, also known as spatial
resolution (An). According to (1), Am s a constant for a specific
display device. To expand the field of view, one can achieve this
by increasing the pitch An or decreasing the focal length of
the lens. Expanding the field of view by increasing the pitch
of lenticular result in a reduction of spatial resolution and a
significant increase in granularity sensation. To further explore
the reduction of focal length, if the interval between the LCD
and the column lens array is g, the focal length of the lenticular
is f, and the depth of field of the integrated imaging system can
be derived as d, as shown in (2):

__Je

f+y

According to (2), as the focal length f decreases, the system

depth of field d also decreases. Therefore, attempting to expand

the field of view by increasing pitch An or decreasing focal

length f will lead to a reduction in spatial resolution and depth
of field.

Considering the above problems, the principle of the novel

autostereoscopic display is illustrated in Fig. 2. The system is

composed of an LCD layer, Composite Lenticular Lens Array
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Fig. 3. (a) Structure diagram of the proposed system. (b) Top view.
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Left view

Fig.4. (a)Right view based on RCP. (b) Left view based on LCP. (c) Schematic
diagram of right-trapezoid refraction.

(CLLa), Saddle Lens Array (SLa), and Circular Polarization Fil-
ter array (CPFa) layer. By utilizing time-division quadruplexing,
the backlight source is converted into left-handed and right-
handed circularly polarized light. Subsequently passing through
SLa and CPFa, the system is capable of generating viewing zone
1 and viewing zone 2. The two independent viewing zone can
display either two completely different contents or a large FOV
light field content with continuous parallax, and the specific
display principle is described in the next section.

To mitigate the impact of moiré, a conventional approach is
to rotate CLLa along the optical axis by an angle [25]. However,
this also presents an additional challenge: luminance leakage
between pixels, leading to cross-talk issues from different view-
points. In our previous work [26], a tilted pixel design solution
was proposed and it is experimentally demonstrated that the
scheme can effectively suppress channel crosstalk. Therefore,
the autostereoscopic display will also mitigate the moiré effect
based on this structural, as shown in Fig. 3(a). The pitch of
CLLais designated as P, while the focal length and light viewing
distance are respectively denoted by Dy and Dy,. Additionally,
the field of view without SLa is represented by 6 and that with
SLa represented by . The interval Dy between the LCD and
CLLa need to be strictly equal to the back focal length of CLLa.

B. Viewing Zone Expansion

SLa is a saddle-shaped concave lens composed of two right-
trapezoid lenses with center point O, as shown in Fig. 4. The
left-hand circular polarizer and the right-hand circular polarizer
are positioned beneath the longer sides of their right-trapezoid
lenses, respectively. The circular polarizer has the same dimen-
sions as those of right-trapezoid lenses. Since the incident light is
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Fig. 5. (a) The impact of Biy and Bgiit on Brate With a refractive index n =

1.56. (b) The impact of refractive index and Syiix on Brate With Bi, = 30.

a parallel beam, it will have a certain intersection area with SLa.
The rightmost point of contact between the incident light and
SLa is assumed to be O’. When the beam is incident vertically,
the angle of incidence is f;,. According to the principle of light
refraction, the angle of refraction 3, can be determined,

Bout = arcsin (Sinnﬁ i“) 3)

where n is the refractive index. It is worth noting that the angle
of incidence [, is equivalent to the slope of a right-trapezoid.
It can be seen that the incident light is split into two beams
with different polarization states on the left and right after
passing through the SLa. If the polarization state of the incident
light is right-handed circularly polarized, only the right-handed
circularly polarized film can transmit the refracted light to form a
right view, as illustrated in Fig. 4(a). Conversely, the left-handed
circularly polarized film can transmit the refracted light to form
a left view, as shown in Fig. 4(b).

When the angle of inclination is denoted as Bij, as shown
by the green line in Fig. 4(c), the actual angle of incidence
Biiltin i

Biittin = Bin — Bt 4

The angle of refraction Sijitous 1S:

_ . (sin ﬂtiltin) . . (sin(ﬁin — ﬂmt))
Biltout = arcsin [ ———— | = arcsin [ ———2
n n
5
The offset of light propagation direction SBogset can be ob-
tained:

(Bin — ﬂmu))

. sin
Bofiset = Bin — Briltout = Pin — arcsin (

n
(6)

Therefore, the FOV expansion ratio St iS:

_ 2 x ﬁoffset — 2% 6tilt
ﬂrate -
2% B

Bin — By — arcsin ( sin(Bin —Prite) “;ﬂ““))

= x100%  (7)

Brite

As shown in (7), the FOV expansion ratio is related to the
refractive index n and the reference fi,.

In Fig. 5(a), it can be observed that when the refractive index
nis 1.56, an increase in (35 for a fixed (3;,, results in a decrease
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Fig. 6.  Schematic diagram of partition display.

in the expansion ratio [y,t.. When Sy is a fixed value, an
increase in [, results in a higher expansion ratio [ ae. It
means that the larger the slope of the right-trapezoid lens is,
the higher the expansion ratio will be. It is worth noting that
the expansion ratio is negative when (3;;, is smaller than By;.
The physical significance is that when the incident light enters
the first quadrant of the Cartesian coordinate system defined by
normal line and slope, according to the light refraction theorem,
the refracted light will also be shifted to the third quadrant. At
this point, the field of view will be compressed. When g, is 30°,
the refractive index n is positively correlated with the expansion
ratio, as shown in Fig. 5(b). Its physical meaning is that the
refractive index of a lens reflects its ability to manipulate light.
In addition, the expansion ratio is inversely proportional to Byt
for a given refractive index n and [;,, ensuring that the newly
generated viewpoints are evenly spaced and continuous in space.

C. Partitioning Display

As described in the previous section, the incident light is split
into two beams with different polarization states on the left and
right after passing through the SLa, as the red or green area
shown in Fig. 6. when the polarization state of the incident light
is right-handed circularly polarized, only the right-handed circu-
larly polarized film can transmit the refracted light to form a right
view. Assuming that there are only six viewpoints in Ela, light
field 2 with six viewpoints is reconstructed in viewing zone 2.
Similarly, if the incident light is left-handed circularly polarized,
light field 1 is reconstructed in viewing zone 1. However, light
field 1 and light field 2 are identical and share a common set
of subpixels due to the same Ela. By utilizing time-division
quadruplexing, the LCD displays Elal and Ela2 with different
contents. Light field 1 and light field 2 are reconstructed by Ela 1
and Ela 2, respectively. In this case, the viewing zone is enlarged
in the horizontal direction, which enables two viewers to have
specific views corresponding to the positions of their own eyes
without interfering with each other’s view. If the LCD displays
Elal and Ela2 with continuous parallax, a super large FOV of
light field can be obtained. It is worth noting that all of this is
based on a set of Ela sub-pixels, so the display resolution is
double that of traditional methods.

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

TABLE I
PARAMETERS OF SIMULATION MODEL

Parameters Values
Resolution of LCD panel 1536(w)xRGBx2048(H)
Pixel Pitch 0.026mm x 0.078mm
Pitch of the lenticular lens (P) 1. 74 mm
Index of refraction 1.76 and 1.51
Thickness of CLLa 2.5mm and 0.5mm
The focal length of CLLa (Df ) 0.9 mm
Pitch of SLa 1. 74 mm
Thickness of SLa 0.1 mm
+Depth/-Frequency of SLa 0.5
The gap between CLLa and LCD 0.9mm
The gap between SLa and LCD 3.9mm
Resolution of CCD 1100 x 1100
Size of CCD 866 x 866 mm
The distance between CCD and LCD 500mm

(a)

Simulation model. (a) Sectional view. (b) Top view.

(b)

Fig. 7.

III. SIMULATION AND EXPERIMENTS
A. Simulation Results

To validate our concept, we conducted a simulation model
to showcase the proposed design discussed earlier. Our optical
setup adheres to the layout illustrated in the simulation model,
with a sub-pixel size of 0.026 mm (W) x 0.078 mm (H). The
CLLa has a section width of 1.74 mm and refractive indices of
1.76 and 1.51 respectively, while the SLa section width matches
that of CLLa at 0.1 mm thickness. This simulated optical model
was established by ZEMAX and SLa can be done by Fresnel
lenses, because the Lenticular Fresnel lens achieves the same
optical effect by dividing the Lenticular lens out into a series of
Fresnel bands. In fact, a Fresnel lens can be regarded as a series of
prisms arranged according to certain rules. The aspheric formula
for a Fresnel lens is:

2
+ a27‘2 + a47“4 + ang R

®)
1—(1+k)c2r?

Where c represents the vertex curvature, r denotes the radial

coordinate, k stands for the conic constant, and a2, a4, and a6

are aspheric coefficients. The optical parameters are presented

in Table I:

The simulation results presented in Fig. 7(a) demonstrate
CLLa as the gray component and SLa as the green component.
The RGB sub-pixels are represented by beams of different
colors. Additionally, in order to better evaluate the partitioning
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TABLE II
THE PARAMETERS OF THE EXPERIMENT
Parameters Values
Diagonal size 7.9” Landscape
Resolution of LCD panel 1536(w)xRGBx2048(H)
Pixel Pitch 0.026mm (W) x 0.078mm (H)
Glass Thickness (D) 0.9mm
Pitch of CLLa (P) 1.74mm
The focal length of CLLa (Df)  0.9mm
Pitch of SLa 1.74mm
Viewpoint number 68
Component Angle 9.46°
Display depth 300mm

effect, certain pixels have been illuminated. Those viewpoints
located on the right side of the optical axis are illuminated with
red, green, and blue color. The Fig. 7(b) shows that both sets of
beams are composed of quasi-parallel beams arranged in a spe-
cific order, as indicated by their respective colors. This verifies
the light field partitioning display proposed in the Section II-C.

To assess the light field modulation capability of the proposed
method, we simulated the luminance of partial viewpoints at the
target location and present the results in Fig. 8. The distribution
of light intensity is weakened in the middle due to SLa, but
stronger on both sides. Nevertheless, this discrepancy is not
significant and can be compensated for by the LCD’s own light
intensity distribution. According to the calculation, when the
interpupillary interval is 60mm, the angle of vergence is 6.9
degrees relative to the screen. According to this parameter, the
span of viewpoints is 12 and the crosstalk level is 0.8% between
the left and right eyes, ideally.

B. Experimental Results

In order to further verify the ability of the proposed scheme to
expand the field of view in horizontal direction, this experimental
part uses the display module 1G079, which is 7.9- inch LCD
panel (Thin Film Transistor Liquid Crystal Display) module
composed of LCD panel. The LCD panel produces a higher res-
olution image that is composed of 1536 x 2048 pixel elements
in a stripe arrangement. In order to verify the proposed optical
system, the parameters of this experiment are listed in Table II.
The refresh rate of the scheme is 60 Hz, and the commonly used
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commercial displays can meet the requirements, and there is no
increase in technical difficulty and cost.

According to the analysis in the Section II-C, the partitioned
display is feasible in principle. It is worth stating that there
is currently no polarization source available based on time-
division multiplexing, SLa is not incorporated in the experi-
mental part. Instead, the experimental results were obtained by
independent collection of two viewing zones. By displaying
two sets of continuous parallax sequence images for the left
and right viewing zones respectively, the results are collected
at different positions. This scheme can be equivalent to verify
the conclusions of Part 2.3. In this experiment, there are a total
of 68 viewpoints and the parallax increases in a sequential
manner. When capturing the viewing zone 1, the LCD screen
displays viewpoints ranging from 1 to 33. Similarly, when the
viewing zone 2 is photographed, the LCD display is refreshed
and shows viewpoints ranging from 34 to 66. The results are
shown in Fig. 7. As depicted in Fig. 9(a), the input model is
presented. The display quality experiences a notable decline
within the range of 70 to 90 degrees in both viewing zones. In
the range of 50 to 70 degrees, the display quality is significantly
improved, but the display is flat. Therefore, this part is called
the invalid autostereoscopic display area. However, within the
range of —50 to +50 degrees, a 3D reconstruction object with
a strong sense of immersion is captured. The measured field of
view angle exceeds 100 degrees. According to (1), the field of
view is 86 degrees without SLa. Therefore, the experimental
results validate that this solution can effectively expand FOV by
over 16.2%. Additionally, it enables independent display of dual
viewing areas (in the case of time-division multiplexed polarized
light sources) and the spatial resolution is doubled, theoretically.
As the light source is circularly polarized, the two viewing zones
operate independently under the state of time multiplexing. The
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advantage of this is that the crosstalk between the viewing zone
is almost zero.

IV. CONCLUSION

To tackle the issue of limited field of view in light field
display, a novel autostereoscopic display utilizing Composite
Lenticular Lens array (CLLa) and Saddle Lens array (SLa)
has been proposed, which generates two symmetrical viewing
zones within the field of view. A 7.9-inch LCD panel with a
pixel density of 324 PPI was utilized in this experiment. The
results indicate that the field of view (FOV) can be expanded by
16.2%, crosstalk level is reduced to 0.8%, and spatial resolution
is doubled without increasing lens width or reducing focal
length, ideally. This technology has potential applications in
smart cockpits with partitioned displays, medical surgeries and
monitoring, and computer gaming.
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