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Abstract: The volume hologram printer is useful for 3D display, because it is selective to the
wavelength and be able to reconstruct with the natural illumination. There are many studies of a
volume hologram printer been studied to output a volume hologram from a computer-generated
hologram. The final volume hologram consists of tiled small holograms and the tiling manner often
causes spilt lines which will have impact on image quality. With an intent to get rid of the split
lines and improve the quality, fully overlapping printing was proposed recently. Each elemental
hologram is overlapped both in vertical and horizontal directions by 50%. Then, the hologram is
printed four times in each area and it makes the printing speed four times slower. For this case,
partially overlapping printing is proposed in this paper to improve image quality with small effect
in printing speed. For partial overlapping, a digital spatial filter is projected and added to every
elemental hologram. Using the digital spatial filter, different partially overlapped holograms are
calculated and reconstructed to compare to the non-overlapped ones. The simulation result shows
that the overlapped one (10% in both vertical and horizontal) has much weaker gaps and black lines.
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1. Introduction

Various kinds of hologram printers have been studied [1-3], and holographic stereogram printers
have been studied for many years and commercialized by several companies [1,2]. The holographic
stereograms are basically made from an array of 2D images and phase added stereograms [4], which
include phase information to improve image quality and are used to generate a photo-realistic
hologram [5]. With the development of the computer-generated holograms (CGH) of 3D objects,
it becomes easier to calculate and print the plane transmission hologram [3]. For CGH printing, an
electron beam printer [6] and a laser lithograph [7] provide quality printing. Since these are both
high cost, some studies on low cost hologram printers have been proposed [3]. Although the plane
transmission hologram is easy to print, it has a chromatic dispersion, which causes image blur with
white light illumination. On the contrary, the volume reflection hologram has wavelength selectivity
and causes no chromatic dispersion and it is easy to show 3D images with white light illumination.
Although the transmission hologram can be optically transferred to a volume hologram manually [8],
the automatic volume reflection hologram printer still has been studied [3,9-12]. The main principle of
a volume hologram printer is a reconstructed image from the plane CGH which is optically transferred
to a photo-sensitive material as the volume reflection hologram [3]. The volume hologram printer is
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also used to fabricate a holographic optical element for a laser 3D display [13]. Since the resolution of
the spatial light modulator (SLM), which is used to display plane CGH, is usually of the megapixel
order, the optically transferred volume hologram’s size will be in mm order. Then, all of the mm
order’s transferred holograms are tiled to make a larger hologram. This tiling manner is recorded
by using an X-Y motorized stage, which will cause phase discontinuity and image degradation in
reconstruction by a diffraction effect at each small hologram. Therefore, if the size of a sub-hologram is
too large, the split lines and cells of sub-holograms are visible, which reduce the image quality [11].
For this case, a fully overlapping approach [11,12] is proposed where the overlap ratio is 50% in
both horizontal and vertical directions. Nevertheless, the printing speed is reduced by one quarter.
To improve image quality with little loss in printing speed, a partially overlapping approach was
proposed in the conference paper [14]. If the mm order’s transferred holograms are simply overlapped
partially, there will be a strong intensity non-uniformity (higher intensity in the overlapped parts than
the non-overlapped parts) that causes the split lines and reduces the quality. With this in mind, a digital
filter is applied to the overlapping area to control image intensity. In the present paper, the partial
overlapping is described in more detail, and the results of the numerical simulation show that the
digital filter is feasible to improve the image quality.

2. Volume Hologram Printer

Since the volume hologram has 3D structure, it is not practical to calculate and print the
volume hologram directly. Therefore, the plane hologram is calculated and its reconstructed image
is transferred to volume hologram optically. Figure 1 shows a basic configuration of the volume
hologram printer [9]. A part of the CGH is displayed on a liquid crystal on silicon (LCOS) as the SLM.
The reconstructed image from the CGH is transferred to a photosensitive material with a reference
beam entering from the other side to make the volume reflection hologram, as shown in Figure 2.
Since the transferred hologram is very small, many holograms are tiled to form a practically sized
hologram. The small transferred hologram is also called as an elemental hologram.
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Figure 1. Basic configuration of a volume hologram printer.
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Figure 2. Configuration of computer-generated hologram (CGH) calculation and transfer.

3. Making of the Primary Plane Hologram

The reconstructed image from the CGH is recorded in a photosensitive material (holographic plate)
as the volume reflection hologram. This section describes the calculation method of the primary plane
hologram as CGH and digital filtering to record a partially overlapped secondary volume hologram.

3.1. Calculation of the Primary Plane Hologram

The primary plane hologram is calculated as the lensless Fourier hologram [15] as show in Figure 2.
Since the detailed calculation method is described in the previous paper [9], the main points are described
here. The 3D object model is assumed as a collection of self-illuminated points [16]. The sum of complex
amplitudes from object points is interfered with the complex amplitude from the point reference source
placed in the origin, or side of the object. Figure 3 shows a virtual window and a reference point source for
CGH calculation. The virtual window has the same size and position of the secondary volume hologram
to avoid unnecessary calculation. The calculation is done only for light waves which pass the virtual
window. The reconstructed image will appear at the same position of the original object when the CGH is
illuminated with the conjugate wave of the reference wave. The conjugate image will also appear at the
point symmetric position to the origin as shown in Figures 2 and 3.
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Figure 3. Coordinates for virtual window in the final hologram plane. The reference point source for
CGH is placed at the origin.
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3.2. Applying Digital Spatial Filter to the Calculated Primary Plane Hologram

If the mm order’s transferred holograms are simply overlapped partially, they will have much
higher image intensity in the overlapped parts than the non-overlapped parts, which will cause split
lines and reduce image quality. To improve this case, the intensity non-uniformity of the overlapped
part should be counterbalanced to make it continue. The reconstructed image, which is the result of
the first hologram calculated as a lensless Fourier hologram [9], should reduce image intensity near its
edges. For a uniform intensity, the first hologram, which has been Fourier transformed, is multiplied
with a spatial digital filter as shown in Figure 4a, then inverse Fourier transformed to obtain a filtered
or intensity controlled hologram. The amplitude distribution of the filter is defined as:

@) (b)
Figure 4. (a) Spatial filter to balance intensity on edges of the elemental volume hologram plane.
(b) Closeup of the top right corner of the filter area as marked with rectangle in (a).
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where 4 is an overlapping width, and —x; and x; are left and right coordinates of the reconstructed
image plane shown in Figure 3. The horizontal overlap ratio is defined as a/W.
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where b is an overlapping height, and y; and y, are bottom and top coordinates of the reconstructed
image plane shown in Figure 3. The vertical overlap ratio is defined as b/ H. Figure 4a is a sample
of digital spatial filter image in intensity (x f2(x, y)) whose resolution is same as the first hologram
(4096 x 2160 pixel). Overlapping ratios defined below are 10% in horizontal and 10% in vertical.
The white and gray parts are the window of reconstructed image plane. The black part is outside of the
window with a value of zero. The middle white part is non-overlapped with a value of one. The gray
part around the its edge is overlapped part with a value changes gradually from one to zero. Figure 4a
shows the closeup of the top right filter area as marked with rectangle in Figure 4a. Based on Figure 4
and Equation (2), two different types of hologram tiling are shown in Figure 5a—c are normal edge
in three kind joints and Figure 5d-f are filtered ones. Though in normal ones, well joint with edge as
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shown in Figure 5b can solve the intensity problem and have good results in simulation, the quality of
printed hologram also has problems in calculation of points data. The filtered ones, which is used to
improve the quality, show three kind results in gap, aligned and overlapped. Figure 5d,f are insufficient
overlap and excessive overlap. Similar with normal edge, the insufficient and excessive ones will
cause the intensity distribution to be uneven—lower intensity with the black gaps between elemental
holograms and higher intensity with overlaps. A comparison of these cases, shown in Figure 5e, is well
aligned with the filtered edge. A filtered hologram can solve the problem of image intensity caused by
misalignment and reduce the influence of the calculation problem.
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Figure 5. Comparisons of normal and filtered elemental hologram tiling. Horizontal axis represents
x and vertical axis represents intensity of reconstructed image. Black lines show intensity of each
elemental hologram and red lines show the total intensity. (a) Gap with normal edge; (b) Aligned with
normal edge; (c) Overlap with normal edge; (d) Gap with filtered edge; (e) Aligned with filtered edge;
(f) Overlap with filtered edge.

4. Results from Numerical Simulation

Numerical simulations are performed with parameters listed in Table 1, based on the volume
hologram printer in the author’s lab. Figure 6 shows numerical reconstruction simulations of 2D
model (USAF-1951 resolution chart) from normal, overlapped holograms without filter and with filter.
Although the simulation has been done with perfect alignment of elemental holograms, visible dark
gaps between elements are observed in the normal output shown in Figure 6a. The hologram consists
of 24 elemental holograms—four in horizontal and six in vertical. Since the object is assumed
as the collection of self-illuminated points, such gaps might be caused sampling errors of points
between elements. Figure 6b shows reconstructed image from the overlapped hologram without the
digital filter with 10% overlap in both vertical and horizontal. The hologram consists of 40 elemental
holograms—five in horizontal and eight in vertical. Bright strips appear in the reconstructed image
because the overlapped areas are recorded twice and it makes the overlapped areas brighter. Figure 6¢
shows reconstructed image from the overlapped hologram with the digital filter (10% overlap in
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both vertical and horizontal). One can find that the boundaries between elements are less visible
than other results. Figure 7 shows numerical reconstruction simulations of a 3D model (skull) from
normal, overlapped holograms without filter and with filter. The all holograms consist of 60 elemental
holograms—six in horizontal and ten in vertical. Therefore, the printing time of all holograms will be
the same. Figure 7a shows the result of normal output without overlapping. The split lines among
each elemental holograms are obviously. With 10% in horizontal and 10% in vertical of overlapping,
the images without filter and with filter are shown in Figure 7b,c, respectively. Bright grid appears in
Figure 7b, of which the digital filter is not applied. In contrast, intensity fluctuations become smaller
with the digital filter as shown in Figure 7c. From Figures 6¢ and 7c, it turns out that the proposed
filter is effective to improve image quality of the volume hologram printer.

Table 1. Simulation parameters based on the volume hologram printer.

Item Value
Laser wavelength 532 nm
CGH (LCOS) pixels 4096 x 2160
CGH (LCOS) pixel pitch 4.0 pm
Distance d between CGH and virtual window 40 mm
(Focal length of L3)
Virtual window width W 4.0 mm
Virtual window height H 2.0 mm
Offset of virtual window M 0.2 mm

(o)

Figure 6. Reconstructed images from USAF-1951 resolution chart. (a) Normal output without
overlapping; (b) 10%, 10% overlapping without filter; (c) 10%, 10% overlapping with filter.
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Figure 7. Reconstructed images from 3D skull holograms. (a) Normal output without overlapping;
(b) 10%, 10% overlapping without filter; (c) 10%, 10% overlapping with filter.

5. Conclusions

To improve the image quality of volume hologram printer, partial overlapping with 10% in
both vertical and horizontal directions approach multiplied with a digital spatial filter is proposed in
this paper. Since the hologram printer records many holograms tiled in both horizontal and vertical
directions, intensity fluctuations between elemental holograms cause problems. The filter is applied
to the first hologram and it controls the intensity around the edges of the reconstructed image from
the hologram. The reconstructed image from the first hologram is recorded as the volume hologram,
and volume holograms are tiled with partial overlapping. The limitation of the proposed method
is that the overlap ratio has a trade off between compensation and printing speed. Compared with
the numerical experimental results of partial overlapping with a digital filter and normal outputs,
the proposed method shows effectiveness which makes it feasible to be applied in our future work.

Author Contributions: Conceptualization, H.Y.; Data curation, H.H.; Software, H.H. and T.Y.; Supervision, T.Y.
and H.Y.; Writing—Original draft, H.H.; Writing—Review & editing, H.Y. All authors have read and agreed to the
published version of the manuscript.

Acknowledgments: This work was supported by Japan Society for the Promotion of Science (JSPS) KAKENHI
grant number 16H02819.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2020, 10, 3963 80f 8

Abbreviations

The following abbreviations are used in this manuscript:

CGH

Computer-Generated Hologram

LCOS Liquid Crystal on Silicon

SLM
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