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A holographic display system with a 22-inch LCD panel 
is developed to provide a wide viewing angle and large 
holographic 3D image. It is realized by steering a narrow 
viewing window resulting from a very large pixel pitch 
compared to the wave length of the laser light. Point light 
sources and a lens array make it possible to arbitrarily 
control the position of the viewing window for a moving 
observer. The holographic display provides both eyes of 
the observer with a holographic 3D image using two 
vertically placed LCD panels and a beam splitter to 
support the holographic stereogram. 
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I. Introduction 

1. Overview 

Digital holographic displays reconstruct 3D information of 
an object in a free space using spatial light modulators (SLMs) 
that enable the light field to be diffracted into a specific 
direction according to the fringe pattern that may be computer 
generated using a mathematical diffraction model. For light 
diffraction, we can use a 2D display device, such as a liquid 
crystal on silicon device, a digital micromirror device, or an 
LCD device, as a SLM. Holographic displays using existing 
2D display devices have a small space-bandwidth product 
(SBP) that is defined based on the product of the screen size (in 
meters) and the maximum spatial frequency (in cycles/meter) it 
is very difficult to not only decrease the pixel pitch but also to  
enlarge the panel size of the display using current display 
manufacturing techniques. The pixel pitch of the display limits 
the maximum viewing angle. An SBP is used as the 
performance index of a holographic display to simultaneously 
measure both the viewing angle and screen size because a 
holographic video service needs to provide both large-screen 
and wide-angle video for commercialization. There are two 
main approaches to overcome the limitation of the viewing 
angle and screen size. One is to develop a novel SLM, such as 
the optically addressed SLM [1], electron-beam addressed 
SLM [2], acousto-optic SLM [3], [4], or magneto-optic SLM 
[5]. The other is to increase the SBP using spatial and temporal 
multiplexing [6]-[13] of the existing SLM. SeeReal [14] 
recently implemented a holographic display to increase the 
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Fig. 1. Movement of viewing window according to position of 
light source. 
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viewing angle and screen size by moving the viewing window 
to overcome the limitation of the SBP by using the commercial 
LCD panel. We also develop a digital holographic display 
based on moving the viewing window that not only provides 
both a wide viewing angle and large screen simultaneously but 
also enables the easy migration of commercial product. The 
proposed digital holographic display supports both the vertical 
and horizontal parallax, whereas SeeReal’s display supports 
only the horizontal parallax. 

2. Viewing Window Movement 

The basic building module of our holographic display, based 
on a moving viewing window, consists of a light source, a 
convex lens, and an LCD panel, as shown in Fig. 1. The 
coherent wave field diverges from the light source toward the 
convex lens and LCD panel and plays a role in generating the 
viewing window of the hologram. The LCD panel diffracts the 
wave field to reconstruct a hologram image from the fringe 
pattern, and the convex lens enables the diffracted waves to be 
converged in the viewing window through which the user is 
able to observe the reconstructed image from the hologram. 
The viewing window needs to be in line with the eye position, 
so as to allow the viewer to see the reconstructed hologram 
when the viewer moves vertically, horizontally, forward, and 
backward. The shifting of the viewing window can be easily 
accomplished by changing the position of the light source 
according to the (x, y, z) axes. The method used to steer the 
position of the light source includes not only mechanically 
controlling the motors equipped with a light source but also 
electronically switching on and off the specific position of the 
light shutter in front of the light source. The accurate position of 
the observer’s pupil should be obtained to find the position for 
shifting the viewing window. 

II. Digital Holographic Display System 

Figure 2 shows the basic scheme of the proposed holographic 

 

Fig. 2. Schematic 3D model of holographic display system. 
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display system to be operated by moving the viewing window. 
The system consists of SLMs, laser light sources, motorized 
stages, lens arrays, a beam splitter, and eye tracking cameras. 
The SLM used is a 22-inch LCD panel with 4 K resolution and 
a 125-μm pixel pitch. The size of the viewing window when 
located at a viewing distance of 2,600 mm from the SLM is too 
small to cover both eyes of the observer since a pixel pitch of 
125 μm results in a viewing window size of 11 mm × 11 mm 
when a green laser is used (532 nm). Two SLMs are therefore 
used to provide the viewer with a holographic stereogram to 
enable the entire hologram to be observed with both eyes. A 
pair of input optical systems with a 2 × 2 lens array on the back 
of the SLM plays a role in converging the reconstructed 
hologram for the viewer’s right and left eyes. The laser light 
source is collimated into a plane wave and divided into two 
SLMs, and motorized stages shift the light sources in the 
direction of the (x, y, z) axes so as to move the viewing 
window according to the position of the viewer’s pupil, which 
is found by processing the binocular images captured by stereo 
cameras located in front of the SLM. A stereo camera module 
calculates the (x, y, z) coordinate of the viewer’s pupil position. 

The following subsections describe the main components of 
the holographic display system in detail. 

1. Light Source Array  

The proposed RGB light source array simplifies the complex 
structure of the general RGB light blending system and saves a 
tremendous amount of time and effort for an alignment of the 
optical axis for a large-scale holographic display system using 
an easily configurable fiber laser, as shown in Fig. 4, that 
describes the side view of the light source array. 

Laser light sources provide a wider color gamut compared to 
previous LCD monitors. The wavelengths of the laser light 
source to be used for the proposed display are selected from the 
CIE chromaticity chart from which we are able to estimate the  



234   Minsik Park et al.  ETRI Journal, Volume 36, Number 2, April 2014 
http://dx.doi.org/10.4218/etrij.14.2113.0086 

 

Fig. 3. Chromaticity of RGB laser in CIE 1931. 
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Fig. 4. Structure of light source array. 
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full range of color representation. The three primary 
wavelengths of 660 nm, 532 nm, and 473 nm are chosen for 
color blending in order that the proposed display reproduces a 
color gamut of more than 130% in comparison to that defined 
by the NTSC (National Television Standards in Committee). 
The inner area of the triangle connected with three points  
(660 nm, 532 nm, and 473 nm) in the CIE chart presents the 
color gamut of the proposed display, as shown in Fig. 3. 

Each fiber-coupled laser is connected to a 1 × 2 fiber coupler 
and a 1 × 4 fiber coupler to distribute the eight light sources 
because the proposed display uses the entire eight lens array in 
a couple of input optical systems with 2 × 2 lens array, as 
shown in Fig. 4. RGB combiners are used to combine the red, 
green, and blue light sources with different wavelengths into a 
single light source for the color blending. As a result, the eight  

 

Fig. 5. Motorized stage for four-light source array. 
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white light beams are generated to be used as coherent SLM 
light sources. 

The eight light beams go through input and output optical 
systems and focus on each different position. The right four 
beams and left four beams thus converge in the viewing spot 
position of the right eye and left eye, respectively, by steering 
the light sources’ position in the direction of the (x, y, z) axes in 
order that the images reconstructed from different light beams 
can be combined and visually interpreted as one image. 

2. Motorized Stage 

The proposed display uses two motorized stages to handle 
right and left input optical systems, as shown in Fig. 2. Figure 5 
shows the right motorized stage needed to move the four-light 
sources required to generate the right hologram beam. One 
light source is mounted on a motorized mounter capable of 
moving the viewing window in the directions of the (x, y, z) 
axes at a speed of 50 mm per second. 

3. Input Optical Systems 

The proposed display needs aberration-free optical systems 
to accurately move the viewing window according to the 
position of the observer’s eye. The proposed display has two 
input optical systems for the right and left eyes, as shown in  
Fig. 2. Figure 6 shows one input optical system used to 
generate a planar wave entering into an SLM. The one input 
optical system is designed with 2 × 2 lens array because it is 
very difficult to manufacture one lens to cover an SLM with a 
large square frame. Each lens array consists of two groups that 
have doublets for a reduction in aberrations and a convergence 
of the beams, as shown in Fig. 7. 

Figure 8 shows the design concept of the optical systems  



ETRI Journal, Volume 36, Number 2, April 2014 Minsik Park et al.   235 
http://dx.doi.org/10.4218/etrij.14.2113.0086 

 

Fig. 6. Lens array with SLM of one input optical system. 
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Fig. 7. One lens array’s structure among four lens arrays of right 
input optical system. 
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Fig. 8. Ray tracing from light source into viewing window in lens 
array by simulation of lens design tool. 
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used in the proposed display and demonstrates the simulation 
result of ray tracing from the light source into the viewing 
window, for one of the four lens arrays of the right input optical 
system. The diverging beams from the point source converge 
in the viewing window by means of the lens array. The 
designed optical systems play roles in forming the viewing 
window according to the position of the light source when the 
viewing window is moved in the direction of the x, y, or z axis, 
according to the position of the observer’s eye. The spot on the 
image plane should therefore be formed with a constant size 
even though the light-source position changes significantly in 

 

Fig. 9. Provisioning of binocular holograms using output optical 
system. 
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the object plane. The performance of the input optical system is 
very important to improve the quality of the image 
reconstructed from the proposed display. The input optic 
system is therefore designed to minimize the astigmatism and 
chromatic aberration of the output beam. The lens design 
optimization, results in a decrease of the image plane’s spot 
radius of up to 0.5 mm. 

4. Output Optical Systems 

The holographic display system needs to enable the observer 
to see binocular holograms owing to the narrow viewing angle, 
as shown in Fig. 9. Such a function is realized by using an 
output optic system with a beam splitter specified to a thickness 
of 3 mm, reflection/transmission ratio of 50%, and surface 
accuracy of 1 λ/inch to 2 λ/inch. 

5. Eye Tracking 

Figure 10 illustrates the relationship between the diffraction 
angle and viewing window, assuming that an LCD panel is 
used as the SLM of the holographic display. We can observe 
the reconstructed image from the hologram in the viewing 
window located between the 0th and 1st-order diffraction 
beam. 

The 1st-order diffraction angle is derived from the  
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Table 1. Viewing window sizes for different wavelengths. 

Wavelength 473 nm (blue) 532 nm (green) 660 nm (red) 

Area 

(mm × mm) 
10 × 10 11 × 11 14 × 14 

 

 

 

Fig. 11. Error tolerance of eye tracking accuracy for (a) mono
(red) and (b) color (blue) laser. 
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diffraction grating, as shown in (1). 

1diffraction angle 2sin ,
2

 
 

  
  

        
 (1) 

where λ is the wavelength of the laser light and ρ is the pixel 
pitch of the diffraction grating. The maximum diffraction angle 
is 2 sin–1 ( / 2 )  because the maximum period of the 
diffraction grating is 2ρ owing to the Nyquist sampling limit. 

The diffraction angle is also approximated to λ/ρ if it is 
infinitesimal. 

Assuming that the viewing window is defined by the 
allowable area through which the viewer is able to observe the 
reconstructed image from the holographic display, its size is 
calculated from (2) with respect to each RGB wavelength at a 
distance of 2,600 mm, as shown in Table 1, in the case of an 
on-axis hologram. 

viewing window size 2 tan .
2

d
d






 

    
     

 (2) 

Figures 11(a) and 11(b) show the error tolerance of eye 
tracking accuracy for mono (red) laser and color (blue) laser. 
The error tolerances (width, height) are ( 5 mm,  5 mm) and 
( 3 mm,  3 mm), respectively, regarding a mono (red) and 
color (blue) laser if the diameter of the pupil is 4 mm because 
the pupil center should not deviate from the inner dark 
rectangular area to observe the hologram in the viewing 
window. 

The proposed eye tracking system uses two (left and right) 
wide-angle-lens cameras placed 40 cm apart in front of the 
SLM. Left and right rectification maps for the left and right 
camera views are first computed through stereo calibration and 
rectification, and the face of the observer is recognized within 
the captured image. Next, eyes are identified within the region 
of the face, and the pupil center is then detected within the 
region of each eye. Finally, the results obtained from the left 
and right images of the stereo camera are then combined into a 
3D model that defines the position of the eyes, or more exactly, 
the pupil centers with (x, y, z) coordinates. 

6. Hologram Generation 

A computer-generated holography (CGH) pattern enables us 
to handle the refractive direction of the plane wave illuminated 
from the laser through the SLM for 3D image reconstruction in 
the free space. Figure 12 illustrates how to generate the CGH 
pattern to be displayed on the proposed holographic display 
system. The wave field propagated from the light source 
through the SLM input plane (x1, y1) and pupil aperture (u, v), 
is reconstructed with an object image on the retina output plane 
(x2, y2) when the observer looks at the SLM. This occurs after 
aligning the center of the pupil and the viewing window 
(shown in Fig. 8) with the z-axis. 

The Fresnel transform equation can be expressed 
mathematically as (3) if we consider the eye model with pupil, 
eye lens, and retina as shown in Fig. 12 in generating the CGH 
pattern. G(x1, y1) is the wave field distribution on the SLM 
(LCD panel) input plane and F(x2, y2) is that on the retina 
output plane. G(x1, y1) is propagated from the wave field  
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Fig. 12. Fresnel transform and inverse Fresnel transform model
based on viewing window considering the observer’s
eye. 
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Equation (4), which is for an inverse Fresnel transform, 
generates the CGH pattern to be displayed on the LCD panel 
by propagating the wave field distribution on the retina 
output plane back to the SLM input plane. F(x2, y2) can be 
defined with the object’s wave field distribution because the 
object is focused on the retina by changing the focal length  

 

Fig. 13. (a) On-axis viewing window before shifting and (b) 
off-axis viewing window shifted by phase factor. 
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DC noises of n-th order are generated periodically owing to 
the grating characteristics of the LCD SLM, as shown in   
Fig. 13(a). The wave field G(x1, y1) calculated from (4) is 
reconstructed in the viewing window close to the DC noise 
because it is an inverse Fresnel transform equation on the on-
axis.  

The CGH pattern should therefore be generated by 
multiplying G(x1, y1) by phase factor term, y off-axis as in (5) 
to avoid the DC noise in a viewing window because the term 

1exp( (2π / ) )j y phasefactor  is the prism function to shift 
the viewing window in the vertical off-axis direction as shown 
in Fig. 13(b). 

1 1 off-axis 1 1 1

2π
( , ) ( , ) exp .

1 1.

G x y G x y j y phasefactor

phasefactor


    
 

  
 (5) 

III. Experiment Results 

A holographic display system has been developed by 
integrating the previously described functional modules, as 
shown in Fig. 14.  

Figure 15 shows the accommodation effect of our 
holographic display system when reconstructing the amplitude  
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Fig. 14. Holographic display system. 
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Fig. 15. Reconstruction of mono amplitude hologram at distances
of (a) 0 mm and (b) 1,200 mm from the SLM. 

(a) 

(b) 

 
 
hologram of character objects at different positions from the 
SLM. The character objects, “ET” and “RI,” are located  
1,200 mm and 0 mm away from the SLM, to which the light of 
a green laser is illuminated as a collimated beam. We took 
photographs of the reconstructed hologram at distances of both 
0 mm and 1,200 mm by changing the focal length of the 
camera. We can observe the accommodation effect from the 
results in which the captured grid image of the characters “ET” 
is blurred at 0 mm and acute at 1,200 mm. 

We experiment using not only a mono hologram but also a 
color hologram. Figure 16 shows the experimental 
configuration used to observe the accommodation effect of a 
hologram visually. A checkerboard and two rulers as a 
reference plane are located at 0 mm, 1,900 mm, and 2,200 mm 
from the SLM, respectively.  

The grid characters as an input image used to generate a  

 

Fig. 16. Reference objects at 0 mm, 1,900 mm, and 2,200 mm. 
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Fig. 17. Input images of characters located at 0 mm, 1,900 mm, 
and 2,200 mm. 

Distance: 2,200 mm
Color : green 

Distance: 0 mm 
Color : blue 

Distance: 1,900 mm 
Color : yellow 

Distance: 0 mm 
Color : red 

 

 
color CGH consist of a green “E” at 2,200 mm, a yellow “R” 
at 1,900 mm, a blue “T” at 0 mm, and a red “I” at 0 mm, as 
shown in Fig. 17. 

The color image of Fig. 17 is generated from (5) into an off-
axis amplitude hologram according to the RGB wavelengths 
(red, 660 nm; green, 532 nm; and blue, 473 nm) and then 
inserted into the SLM for reconstruction of the hologram. 
Figure 18 illustrates the reconstruction of color characters 
located at distances of 0 mm, 1,900 mm, and 2,200 mm. The 
grid pattern of the blue “T” and red “I” at 0 mm is more 
sharpened with the reference object, the checkerboard, than 
that of any other characters, as shown in Fig. 18(a). This means 
that the grid pattern of the green “E” and the yellow “R” is 
blurred at a distance of 0 mm. However, we can recognize the 
grid pattern of the yellow “R” and green “E” quite clearly from 
Figs. 18(b) and 18(c), which show photos taken at camera focal 
planes of 1,900 mm and 2,200 mm.  
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Fig. 18. Reconstruction of color amplitude hologram at distances
of (a) 0 mm, (b) 1,900 mm, and (c) 2,200 mm from
SLM. 
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IV. Conclusion 

We developed a holographic display system that can 
reconstruct a large hologram in free space for a 3D video 
service. To provide an observer with a hologram with a wide 
angle and large screen under a limited space-bandwidth 
product, the system converges the wave fields of the hologram 
in the viewing window that is moved horizontally and 
vertically in the space of the viewing zone by shifting the point 
light sources in the direction of the (x, y, z) axes according to 
the pupil position of the observer. The drawbacks of the 
proposed system are that only one user can utilize it at a time 

due to the limited performance of the eye tracking system and 
input optical system and that the aberration of the input and 
output optical systems results in the distortion of the image 
reconstructed from the hologram. 

In the future, we have a plan to develop a tabletop-style 
holographic display to support more than four observers and 
improve the quality of reconstructed image from the hologram 
by numerically compensating the distorted wave field of the 
reconstructed hologram. 
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