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Abstract: A novel design of dynamic holographic stereogram with a curved
array of gpatial light modulators (SLMs) is proposed. In generd, it is
difficult to smultaneously achieve a wide viewing angle and an available
width for the digital holographic display. Moreover, the wide viewing angle
of a display system needs a large optical numerical aperture where the
paraxial approximation fails, and thus an extremely large planar SLM is
necessary in using previous methods. To solve this problem, our proposed
display system is composed of a curved array of SLMs to obtain a large
number of data points and reduce the spatial bandwidth in SLMs. In the
curved array of SLMs, each SLM is individualy transformed to display
local angular spectra of object wave, which is based on a fundamental idea
of holographic stereogram. To embody the dynamic holographic stereogram
with SLMs, each SLM is effectively reformed for simplifying the optical
structure and reducing the light power loss. In detail, spatially modulated
wave is opticaly divided and transformed, as if each SLM were composed
of three sub-SLMs. This design improves the scalability in viewing angle of
holographic display and the loss of light power is significantly reduced.
With this method, we can achieve the digital holographic display with

22.8° viewing angle.
©2008 Optical Society of America

OCI S codes: (070.2580) Paraxial wave optics; (090.1760) Computer holography; (230.6120)
Spatial light modulators.
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1. Introduction

Holographic display is the most fundamental technology for displaying three-dimensional
(3D) object since the object wavefront can be correctly reconstructed [1]. To modulate the
coherent wave dynamically, various spatial light modulators (SLMs) have been applied to
holographic display in many studies. Recently, on the account of the growth of display
industry, liquid crystal SLMs are regarded as the most feasible devices for embodying
holographic display [2, 3]. However, they have restricted numbers of data points, e.g., a few
million pixels. The number of data points is closely related to the viewing volume which is
represented as the width of display and viewing angle. In order to increase the data points of
holographic display, the technology of tiling plural SLMsis necessary.

The technology of tiling severa SLMs using a large beam splitter were proposed by
Fukaya et al [4, 5]. In this method, SLMs are aigned at both side of the beam splitter at
regular intervals and the combined modulated waves by the beam splitter are comparable to
the case of using a large seamless SLM. Slinger et al. proposed another tiling method with
sequential arrangement of electrically and optically addressed SLMs[6-8]. In these systems, a
high-speed driven electrically addressed SLM is able to control 25 optically addressed SLMs,
which constitute a single channel. And then several channels can be aligned to form a flat
hologram with large data points. However, these technologies apply a single Fourier
transforming optics to cover the whole SLMs and thus it is difficult to achieve awide viewing
angle display, since it needs a large numerica aperture of optics where the paraxia
approximation fails and an extremely large SLM is necessary.

The main idea to solve these problems can be found in the holographic stereogram.
Holographic stereogram is a remarkable technology which can reduce the bandwidth of
hologram by defining viewing scope by a viewing window [9-13]. In general, aviewing dlit is
used as the viewing window for holographic stereogram and 3D views are recorded in
holographic materials by a coherent light source. By extending one-dimensional (1D) viewing
dit to two-dimensional (2D) square aperture, full-parallax holographic recording is possible
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[14]. These early studies use optical stops for defining viewing scope. As an aternative
method, some full-parallax holographic stereograms are realized with the help of holographic
optical elements [15] or lens array [16, 17]. These techniques use a 2D array of optics which
does not refract chief rays from entrance pupil to exit pupil. They are beneficia to the
simultaneous record of every viewing scopes defined by correspondent constituent optics. The
bandwidth of hologram is limited by the interval between these constituents.

To overcome static properties of holographic materials, various holographic stereograms
using an SLM have been studied and the digital holographic stereogram with a lens array and
asingle SLM were proposed [18]. However, this system does not have sufficient data points
and the planar SLM is not suitable for wide viewing angle.

In this paper, we propose a dynamic holographic stereogram with a curved array of SLMs
to obtain a large number of data points and reduce the spatial bandwidth in SLMs. In the
curved array of SLMs, each SLM is individually transformed to display local angular spectra
of object wave. Moreover, we reform SLM shape effectively to simplify the optical structure
and reduce the light power loss. Each SLM has individual transfer optics with folding mirrors
and spatially modulated wave is optically divided and transformed, as if each SLM were
composed of three sub-SLMs. Here, these sub-SLMs are regarded as positioned diagonally
and the viewing fields of them are extended continuously without interruption. This design
improves the scalability in viewing angle of holographic stereogram and the loss of light
power is significantly reduced with no use of beam splitters.

This paper is organized as follows. In Sec. 2, the genera constraint in field of view by a
single SLM is expressed analytically. In Sec. 3, the field of view by the proposed curved array
of SLMs is explained. In Sec. 4, the structure of the effectively reformed SLM is described
and the benefit of this design is detailed. In Sec. 5, the embodiment of dynamic holographic
stereogram with proposed techniques is explained. In Sec. 6, experimenta results are
presented and discussed. In Sec. 7, conclusion and perspective are given.
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Fig. 1. Local viewing anglesin field of view displayed by asingle SLM.

2. Fidd of view generated by asingle SLM

In this section, the field of view displayed by a single SLM is formulated within paraxial
approximation. Local angular spectrum is defined using the Wigner distribution function and
the relation between area and local viewing angles in reconstructed field of view is presented.
The total viewing angle of holographic display with an SLM is calculated with the help of
transportation of Wigner distribution function. The significance of data points in holographic
display is discussed.
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Figure 1 shows the field of view at focal plane displayed by a single SLM. The SLM is
transferred by a lens and generates the reconstructed field, which is defined by the product of
transverse area and viewing angle at focal plane. From Ref. 19, the reconstructed wave at the
focal plane is determined by

U, (u,v)=j%exp{j %[1—%j(u2+v2)}ﬁu, (&) P[§+%u,n+%vjexp[—j %(fu#]v)}dgdn. (@)

Here, d is the distance between SLM and transfer lens with focal length f . The modulated
wave by SLM with (N +1)x(M +1) datapointsat SLM planeis given by
U (&) Z::Z (nm)S8[£—-(n-N/2)p]8[n—-(m-M/2) p|®rect(&/p,)rect(n/p,)- @

Here, p and p, are pixel pitch and pixel aperture of SLM, respectively. And U, (n,m)
means the value of modulation by the pixel located at point (n, m). If the pupil of lensislarge

enough in comparison with the diffraction field by pixel aperture p,, the wave at the focal
planeis briefly expressed as

2
U, (uv)= AP exp Ji[l—gJ(uHVZ) xsinc[ paujsinc( paVJ
j(,1f) 2f f Af Af

XY 2o Ui (nim) exp{ j’ip[(n N/2)u+(m-M/2) v]} (©)

Here, the first exponential term is the spherical phase resulting from inequality of distance d
and focal length f . The second term (sinc function) is determined by the pixel aperture p,.

It is not complex value and has influence on the amplitude of reconstructed field. And the last
summation term is understood as Fourier series expansion. Therefore, the width of display,
i.e., thetransverse period of wave is given by

W, =A4f/p, (48)
W, =f/p. (4b)

Generally, angular spectrum is defined as the integral over the whole plane. To analyze the
field of view at the fixed position, the definition of local angular spectrum is needed. By the

use of Wigner distribution function, the local angular spectrum at position (u,v) can be
represented as

W[uv%ﬁ j HU (u+u/2,v+v/2)u ,(u—u’/2,v—v’/2)exp{—jZn(%u#gv'ﬂdu’dv’. (5

Here, (o, §) means the directional cosines and the zero means the propagation length along

the z-axis from focal plane. By the projection property, the Wigner distribution function is
related with the angular spectrum as

5] -l oo K

Here, the definition of local angular spectrum by Wigner distribution function has universal
validity. By Eq. (3), the local angular spectrum of reconstructed field at position (u,v) is
given by
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f
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Here, the span of triangle function results from the sinc function with the pixel aperture p, . If
the effect of the span of triangle function is neglected, the local angular spectrum could be
represented as delta functions of directional cosines («, ) . Therefore, the central direction of

viewing angle at position (u,V) isgiven by

(ac,ﬂc)=%(1—%J(u,v). ®)

And by paraxia approximation, the local viewing angles are given by

6, = Aa=Np/f, (9a)
6, ~AB=Mp/f. (9b)
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vertica summit Viewing volume

Af2 Frontward
Mp?—(f-d)4  vertical summit

Np? +(f-d)4

Backward
horizontal summit

Frontward
horizontal summit

(3
&t __Af* af?
Np? -~ (f-d)2 7\ Np” +(f —d)4
X o,
= W,
R Forward
Backward horizontal summit
h horizontal summit
\ d f \
[ [ |
SLM plane  Transfer lens Focal plane

(b)

Fig. 2. Tota viewing angles in field of view displayed by a single SLM in (a) three
dimensional view and (b) planar view.
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Therefore, two significant parameters, the area and local viewing angles of reconstructed field
at focal plane satisfy the following relation

WW, 8,6,/4% = NxM. (10)

In Eq. (10), the product of area and local viewing angles at a wavelength is equal to the
number of data points of SLM. This equation has a significant meaning that the product of
widths and local viewing angles is independent of the optical parameters of transfer optics and
determined by the number of pixelsin SLM. Therefore, for afixed number of data points, it is
impossible to enhance the local viewing angle without the cost of view width in a digita
holographic display.

As previously mentioned, the reconstructed field at focal plane is expanded as Fourier
series, and the effective region to display within Nyquist frequencies is restricted within the
transverse periods of wave at focal plane asfollows:

W, {uvgﬁ J W(uvgﬁ jrect( Jrect( pv} (11)
A2 ) Af Af

The transport eguation can be formulated in geometrical optical terms in a homogeneous
medium and the Wigner distribution function has a constant value along a geometrical optical
light ray from Ref. 20. That is, along the optical path S in free space, the Wigner distribution
remains constant which is represented as

dW(u v% é J/ds 0. (12)
Therefore, the transportation of Wigner distribution function is given by
W(uvgﬁzJ W|u- gzv ﬁzg E'O\ (13)
A A v y A A

Here, directional cosine y is defined by

y=\1-0* - p°. (14)

Form Egs. (7), (11), and (13), the Wigner distribution function at a distance z from the
focal planeis represented as

o f. _16‘N2 n=N xm=M mZM
WN(U,V%,%,Z]_(M)Z T X T (e m)U; ()

Wp{ Jz”p{m nz)[u—iZ}(”‘f”E)(V‘/;Z}:}
Bl i e

)
[t e
XfeCt[;f(U—jzﬂrect[;}[v—izﬂ. (15)

Equation (15) defines the field of view displayed by an SLM as shown in Fig. 2. In Fig. 2(a),
this wedge-shaped viewing volume has four summits if the horizontal and vertical pixel
numbers satisfy the following conditions:

——
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<(f-d)a/p’, (162)
<(f-d)a/p. (16b)

Figure 2(b) shows a planar view of this wedge-shaped viewing volume. With a fixed pixel
aperture p, of SLM, the distance between the backward and forward summits increases

according as the data points of SLM decreases. That is, the viewing volume generated by a
small data pointsis bigger than that by alarge data points. Thisrelation is reasonable since the
viewing volume is defined as the reconstructed field of view within the Nyquist frequency by
SLM. Therefore the viewing volume by a small data points is represented as the relatively
small number of frequencies.

In these summits, front summits define the total viewing angles and in paraxia
approximation, these angles are given by

@u:mn{Np_ﬂ(l_dﬂ:m{m_z(l_dﬂ, (172)

2f 2p f W, 2pl f

0, - 2tan” pﬂp_ﬂ(l_dﬂ: Ztan-{w J[MH, (170)
2f 2p f 2w, 2p f

From Egs (17a) and (17b), for the fixed distance d, the total viewing angle is represented in
proportion to the data points in the SLM and in inverse proportion to the width of
reconstructed field at focal plane. Therefore, in order to display 3D objects having wide
viewing angle with available width, the technology increasing the data points of SLM is
necessary. The technique of tiling plura SLMs is a practical solution to overcome this
restriction in the data points of asingle SLM.

3. Field of view generated by a curved array of SLMs

In this section, relationship between angular spectrum and spatial frequencies of object wave
is discussed and their recording positions on the holograms are described. The problems are
explained to display a wide viewing angle with a planar array of SLMs. The field of view
displayed by a curved array of SLMs is described and the total viewing angle in a curved
array of SLMsisformulated.

Figure 3 shows a conventional planar hologram and a curved holographic stereogram. In
Fig. 3(a), the angular spectrum of object wave is totally transferred by lens and in Fig. 3(b),
the angular spectrum is localy transferred by lenses with viewing windows. In the object

wave, angular spectrum with the angle ¢, between the directional cosine and z-axis is
represented as the spatial frequency f, following the relation of

@, =2tan™ (A f,). (18)

Here, 4 means the wavelength of object wave. In a conventional planar hologram, the high
spatial frequencies are recorded on the portion of hologram which is located far from the
optical axis. Therefore, the conventional planar hologram to display wide viewing angle
violates the paraxia approximation. Moreover, in Eq. (18), the directional cosine of angular
spectrum and its spatial frequency is related with tangent function and in order to increase
angular spectrum displayed by a hologram, the width of the hologram should increase
abruptly as the tangent function.
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Fig. 3. Angular spectrum of object wave and their recording positions on (a) a conventional
planar hologram and (b) a curved hol ographic stereogram.

In this paper, we solve these problems with techniques based on holographic stereogram.
In the curved holographic stereogram, each portion of the hologram is locally transformed and
its partial wave represents local angular spectrum with the small spatial bandwidth as shown
in Fig. 3(b). The individual viewing window defines the range of angular spectrum and the
corresponding lens transfers the object wave to the hologram. Although a structure using a
curved screen with curved lens array was proposed for integral imaging [21], the curved
structure for digital holography to present a huge data point set was not proposed before, to

the authors’ knowledge.
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Fig. 4. Fields of view displayed by (a) a conventional planar SLM and (b) a curved array of

SLMs.
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The Field of view displayed by the proposed curved array of SLMs is represented as the
composition of the field of views displayed by a single SLM. In this paper, we construct the
dynamic holographic stereogram with horizontal parallax only (HPO) and the discussion on
the field of view is limited within uz-plane. Figure 4 shows fields of view displayed by a
conventiona planar SLM and a curved array of SLMs. In Fig. 4(a), the summits of viewing
volume exist when Eq. (164) is satisfied and the total viewing angle is given by Eq. (17d). In
Fig. 4(b), even if Eq. (16a) is not satisfied, the viewing volume can be defined. In field of
view displayed by n units of SLMs with N’ horizontal pixels, the total viewing angle is
given by

Np 4 d

0, =(n-1)¢ +2tan| ————|1-—
2f 2p f

e e, 4] (19
f f

Here, 8 means the loca viewing angle by an individual SLM and it is equal to the rotation
angle between two adjacent SLMs. And f isthe focal length of alocal transfer lensand it is

the same as the radius of curvature on which transfer lenses are aligned. From Eq. (19) the
total viewing angle is the sum of the angle between two terminal SLMs and the local viewing
angle by a unit SLM. For the limit case with large n and relatively small N, the total

viewing angle is linearly proportional to the whole horizontal pixel number, nN’. Therefore,
the proposed structure with a curved array of SLMs has an advantage to enhance the total
viewing angle of holographic display in comparison with a conventional planar array of SLMs.

4. Effectively reformed SLM with scalability

In this section, the field of view displayed by effectively reformed SLM is described and the
benefit of this design is discussed. The structure of the proposed effectively reformed SLM is
detailed and viewing directions in array of these units are explained. And in upper arm of this
unit, the quality deterioration resulting from folding optics is discussed.

The total viewing angle of holographic stereogram with a curved array of SLMsis closely
related with the loca viewing angle of a unit SLM and the number of them. In this paper, we
present an HPO holographic stereogram with the help of asymmetric diffusing screen.
Therefore, vertical viewing angles of SLMs are not distinguishable and there is a room to
design transfer optics for scalability. Figure 5 shows two equivalent fields of view with high
scalability. In Fig. 5(a), three sub-SLMs are positioned in contact with each other diagonally
and this unit SLM with three sub-SLMs is horizontally scalable since one unit SLM can be
located closely to next other unit without the gap resulting from the lens pupil and the frame
of SLM. Even though central directions of each local view are not included in the same plane,
the asymmetric diffusing screen positioned at the focal plane removes the discrepancies in
vertical direction and the consequent horizontal viewing angle is three times of the individual
local view angle. In Fig. 5(b), though three sub-SLMs are piled up erectly, field of view is
equivalent to that in Fig. 5(a). The mirrors being located in front of transfer lens reform an
SLM effectively and this effectively reformed SLM has the same scalability as three sub-
SLMs positioned in contact with each other diagonally. This novel design makestotal viewing
angle of stereogram be scalable by simply aligning effectively reformed SLMs on the curve in
the same plane.
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Fig. 5. Equivalent fields of view (a) by three sub-SLMs positioned at different vertical heights
in contact with each other diagonally and (b) by effectively reformed SLM.

Figure 6 shows embodiment of effectively reformed SLM. In Fig. 6(a), the detailed
structure is shown. This unit is composed of SLM, transfer lens, upper arm and lower arm.
Both arms fold the transferred wave in front of the lens and the unit effectively reformed SLM
generates three sub-views adj oining one ancther as shown in Fig. 6(b).

Upper arm

/\ \ ~_ Leftview
Polarizer / a
\ Center ‘view
Transfer lens L ower Right view
Mirrors
——————————— Lower arm
(€Y (b)

Fig. 6. Embodiment of effectively reformed SLM: (a) structure of effectively reformed SLM
and (b) central directions of three sub-views.

Figure 7 shows central directions of local view in a curved array of effectively reformed
SLM. Effectively reformed SLM has three centra directions equivalent to three sub-SLMs
positioned in contact with each other diagonaly and their scalability is noticeable.
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Fig. 7. Central directions of local view ina curved array of SLMs.

Figure 8 shows the quality deterioration in the upper arm of the effectively reformed SLM
resulting from mirrors. The mirrors fold the modulated wave and tilt it with the angle of

g, =0.705" from Eq. (9a). When the light waves pass through the mirrors, the gap between
each mirror functions as an optical stop. This effective optical stop is located at (I, +1, +1,)

distance away from the lens and its width w is equal to the width of SLM. The diffraction
width from asingle pixel of SLM at optical stop is given by

wzé{d+|l+|2+|3—W}. (20)

Effective Stop

Folding mirrors I
|
3 _\_QU

|
SLM A+~ 7
pl L = |
Ty e —— 1 I W - ) )
T~ || r Diffraction wave
A—=-f___ from asingle pixel
X unless folded by mirrors
w |
_______ -7
AL | +1, +1, |
- <E:_ ........................................... YW
- ___ |
d IN T TTm———__ I
\ Trandferlens T T T——— I

Fig. 8. Quality deterioration in upper arm of effectively reformed SLM resulting from mirrors.

In this paper, the width of SLM is 12.3mm and the diffraction width w from a single
pixel is 1.31mm from Eq. (20). Therefore, with the paraxial assumption that the information
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of the diffraction wave from a single pixel is uniform over the full width w’, the ratio of the
whole information passing through the optica stop isformulated as

fvv/v/zz _m/zz rect [—X\;/u jdxdu / jjvv/v/zz E rect (—XVT/U jdxdu =1-w/4w. (21)

Here, the ratio of the information displayed through the upper arm is about 97.4% and the
quality deterioration caused by mirrors is about 2.6%. Therefore, the proposed effectively
reformed SLM generates three views with the angle of 0.705" between each unit without
significant quality deteriorations.

5. Embodiment of digital holographic display

In this section, the concept of the embodiment of digital holographic display with a curved
array of effectively reformed SLM is explained. The characterigtics of modulation in SLM are
described and the display system with 4f optics for low loss division of the light source is
presented.
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Fig. 9. Characteristics of SLM with (a) phase modulation and (b) amplitude transmission.

In this paper, Coherent DPSS Nd:Y AG laser with the wavelength of 532nm is used as a
light source, and the Epson L3P06X-55 is used as a twisted nematic liquid crystal (TNLC) in
SLM, which has 1024x 768 pixels with the pixel pitch of 12u4m. The rotation angles of
input and output polarizers are 55 and 10 degrees for the SLM, respectively. The
configuration of SLM is optimized with the genetic algorithm presented in Ref. 22. Figure 9
shows these resultant characteristics of SLM. The phase modulation covers the full range of
2z asshown in Fig. 9(a).
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Fig. 10. Schematics of the proposed wide viewing angle dynamic hol ographic stereogram.

Figure 10 shows the schematics of the proposed wide viewing angle dynamic holographic
stereogram. In this proposed system, the 4f optics is applied to divide the light source into
every SLM. The 4f optics is composed of one front lens with focal length 250mm and twelve
rear lenses in an array form with the focal length of 2000mm. There is negligible loss of the
light source to be divided into twelve collimated lights. In order to distribute these 2D arrayed
beams to individual SLMs aligned on the curve with the radius of 1000mm, folding opticsis
applied. As an asymmetric diffusing screen, holographic diffuser (Edmond Co.) is used. This
screen diffuses the reconstructed wave vertically and provides an HPO display.

Figure 11 shows the pictures of the dynamic holographic stereogram. In Fig. 11(a), the
array of effectively reformed SLMs is shown where units are mounted without upper arms for
intelligibility. In Fig. 11(b), the whole system with electronic controllersis shown.

(o

Fig. 11. Pictures of the dynamic holographic stereogram: (a) the curved array of SLMs
mounted without upper arms and (b) whole system with el ectronic controllers.

6. Experimental results

In this section, experimental results are presented. The configurations of triangle mesh-
modeled 3D surface objects for generating digital hologram are described. Pictures and movie
with the proposed digital holographic system are displayed.
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Fig. 12. Configuration of objects and definition of central directions to generate holograms.

In this paper, the technology to generate holograms from triangle mesh-modeled 3D
surface objects is applied [23]. This technology is analogous to holographic stereograms from
the viewpoints of restricting the angular spectrum of the object wave. This angular spectrum is
equivalent to the object wave passing through a viewing window in holographic stereograms.
Figure 12 shows the configuration of three-dimensional objects and the definition of central
directions which are the central frequencies of angular spectrum in local view. In our
proposed dynamic holographic stereogram with effectively reformed SLMs, every centrd

direction is rotated at the regular interval of angle 0.705°, and there are 36 views generated
by twelve SLMs. Therefore, the proposed dynamic holographic stereogram has wide viewing

angle of 22.8° from Eqg. (19).
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Fig. 13. Computer generated holograms and respective numerical reconstructions. holograms
positioned at (a) the 1%, (b) the 19", and (c) the 36™ viewing directions. Parts (d) through (f) are
correspondent i mages numerically reconstructed from parts (&) through (c), respectively.

Figure 13 shows the computer generated holograms and their numericaly reconstructed
images from the configurations in Fig. 12. These holograms are phase holograms with 8-hit
level and have 1024x 256 size which is one third of resolution in SLM. Figures 13(a)
through (c) show holograms positioned at the 1%, 19" and 36™ viewing directions respectively,
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and Figs. 13(d) through 13(f) show numerically reconstructed images corresponding to Figs.
13(a) through 13(c).

(b) (© (d)

Fig. 14. Pictures of the implemented dynamic holographic stereogram: (a) right view (b) center
view and (c) left view. Part (d) is movie (1.83MB).

Figure 14 shows pictures and movie displayed on the proposed digital holographic display
system. In our configuration, afilter is not used for obstructing the undiffracted wave, so the
central peaksin Fig. 14 are undiffracted DC peaks. In Figs. 14(a) through (c), the pictures are
in agreement with the numerically reconstructed images shown in Figs. 13(d) through (f). As
expected, there is no discontinuity over the whole viewing angle of the proposed display.

7. Conclusion

With our proposed dynamic holographic stereogram, we achieve the wide continuous view,
where the viewing angle is scalable simply by expanding the number of effectively reformed
SLMs. The curved array of SLMs reduces the spatial bandwidth presented by a unit SLM and
the wide angle view is displayed efficiently by local transforms with plural SLMs. This
technique provides a feasible solution for the problem that it is hard to display a wide angle
view with the conventional digital holography. The devised structure of effectively reformed
SLMs makes the system scalable in viewing angle and compact. The loss of light power is
significantly reduced when compared with previous researches. It is expected that the
proposed technique can be useful in congtituting a digital holographic display with wide
viewing angle, and the scalahility of optics can provide more degrees of freedom in designing
the systems.
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