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Chapter 1

Introduction

1.1 Introduction

Holography [1] is to use the principle of interference and diffraction of light to
superimpose coherent reference light waves on the object light waves to form
interference patterns, and then record the interference patterns on the negative,
develop the negative and use the original interference light to illuminate. Then
the illumination light waves form the reproduction light waves similar to the
original light waves after diffraction, thus displaying the 3D image containing all
information of the object.

In 1948, Gabor [2,3], a British Hungarian scientist, proposed the concept of
holography based on the work of Bragg and Zernike in order to reduce the aber-
ration of electron microscope and improve the resolution of image. (Holography
was invented in 1948 by Hungarian physicist Dennis Gabor. The basic idea was
that for perfect optical imaging, the total of all the information has to be used;
not only the amplitude but also the phase.) Gabor envisions recording an expo-
sure picture (i.e. hologram) of an electron wave diffracted by an object without
passing through any lens, so that it can record all the information including the
amplitude and phase of the object, and then use the reconstructed light wave to
illuminate the hologram to obtain the enlarged object image. However, due to
the limitation of experimental conditions at that time, we could only use mer-
cury lamp to record in-line hologram, but the coherence of mercury lamp light
source was poor, and the zero order, positive and negative first-order diffraction
waves of coaxial hologram could not be separated. Therefore, from the proposal
of holography to the end of 1950s, the research on holography had not made great
progress. It was not until the emergence of laser in 1960 that Denisyuk [4], Leith
and Upatnieks [5] used laser as coherent illumination source. Leith and others
applied the theory of “side looking radar” in communication to optical holog-
raphy and proposed off-axis holography. Holography entered a period of rapid
development. They record the hologram by using off-axis reference light and
object light interference, and irradiate the hologram with off-axis reconstruction
light to obtain three space separated diffraction components [6, 7], so that the
reconstructed original object image can be observed clearly. At the same time,
they also used spatial filters in the optical system to eliminate stray light [8].

On this basis, scientists began to study the application of holography, in-



cluding holographic display, holographic interferometry, holographic storage and
holographic optical elements, and achieved a lot of resultsn [9-19]. In the late
1960s, Goodman et al. [20] proposed to use electronic technology and computer
technology to realize the process of optical hologram recording and hologram
reconstruction.

1.2 Relationship

Horman [21] first proposed the use of holography in interferometry. He described
the use of a hologram element instead of the test section in the Mach Zehnder
interferometer. Subsequently, Powell and Stetson [22,23] proposed holographic
interferometry for diffuse objects in the study of vibration analysis. The sec-
ond exposure and real-time holographic interferometry were studied in several
independent laboratories. Among them, Burch, Collier and Haine [24-26] have
studied the deformation and displacement of diffuse scattering objects. Brooks
and Heflenger [27] applied this method to the measurement of aerodynamics.
Holographic interferometry mainly includes static second exposure method,
dynamic time average method and real-time method, holographic shearing inter-
ferometry, double reference light holographic interferometry and so on [28-39].
Among them, the second exposure method is to compare the initial object wave
surface with the object light wave surface after the change of the object field. In
the process of recording, a holographic plate is exposed twice. The hologram of
the initial object light wave is recorded once, and the hologram of the changed
object light wave is recorded once. The two holograms are recorded on the same
dry plate. When irradiating with the original reference light wave, two object
light wavefront can be reproduced. The two wavefront are coherent and the in-
terference fringes between them can be observed. Through the distribution of in-
terference fringes, we can know the change of wavefront. In the real-time method,
the object is exposed once, and the holographic recording plate is accurately reset
in the original photographic device after development, and the original interfer-
ence light wave is used to irradiate. The reconstructed image will overlap on
the original object. If the object has small displacement or deformation, interfer-
ence fringes can be seen. Because the interference fringes appear regularly, it is
called real-time holographic interferometry. In real-time holographic interferom-
etry, it is very important to reset the holographic plate accurately, which brings
some difficulties to the actual operation. For this reason, scientists have proposed
to replace silver salt or gelatin dry plate with thermoplastic recording material,
photorefractive crystal material and multiple quantum well recording material to
improve recording conditions and achieve the purpose of rapid measurement.
Holographic interferometry has the following advantages [40]:

1. The amount of information recorded is large. Laser hologram has enough
information capacity to record and reproduce some complex details with
high fidelity. Therefore, holographic interferometry is not only suitable
for measuring transparent objects, but also suitable for measuring three-
dimensional diffuse reflection objects.

2. The amplitude is segmented in time. In general optical interferometry, the



beam from the same light source is divided into two coherent beams, that is
to say, the beam is divided into two coherent beams, and the two coherent
beams still exist at the same time in time. Holographic interferometry
studies the interference of two spatially separated beams of coherent light.
It uses the same spatial light to record the change information of an object
at different times on the same holographic plate, and then the wavefront
reconstructed at the same time interferes. The advantage of time division
is that the coherent beam is generated by the same optical system, so the
system error can be eliminated, the accuracy requirement of optical system
for optical device can be reduced, and the installation and debugging of
optical device are convenient.

3. Accuracy of records. Laser holographic interferometry is to compare the
same object at different times by interferometry, so it can detect any small
changes of the object in this period of time, and its accuracy can reach the
order of magnitude of the light wavelength.

1.3 Motivation

In life, we can often see the application of holography technology. For example,
in some credit cards and banknotes, there are "Rainbow” holograms on polyester
soft film produced by full-color hologram technology invented by Russian physi-
cist Yuri danisuk in the 1960s. But these holograms are only used as a complex
printing technology to achieve the purpose of anti-counterfeiting, their low sen-
sitivity, color is not lifelike, far from the realm of the false. The researchers also
tried to use dichromate glue as a photographic emulsion to make holographic
recognition devices. Some fighters are equipped with such devices, which allow
pilots to focus their attention on the enemy. Some precious cultural relics can
be photographed with this technology. When displayed, the cultural relics can
be reproduced in three dimensions for visitors to enjoy. The original objects are
properly preserved to prevent theft. Large holograms can display cars, satellites
and various three-dimensional advertisements, and pulse holography can be used
to reappear portraits and wedding photos. A small hologram can be worn on the
neck to form a beautiful decoration. It can reproduce people’s favorite animals,
colorful flowers and butterflies. The rapid development of embossed rainbow
hologram can not only become vivid cartoons, greeting cards, three-dimensional
stamps, but also appear on trademarks, ID cards, bank credit cards and even ban-
knotes as anti-counterfeiting marks. The three-dimensional hologram decorated
in books, as well as the holographic rainbow shining on the gift packaging, make
people realize the new leap of printing technology and packaging technology in
the 21st century. Due to its three-dimensional sense of hierarchy, rainbow effect
changing with the viewing angle, and the ever-changing anti-counterfeiting marks,
as well as the close combination with other high-tech anti-counterfeiting means,
the embossed holographic logo has pushed the anti-counterfeiting technology of
the new century to a new brilliant peak.

In addition to optical holography, infrared, microwave and ultrasonic holog-
raphy techniques have been developed, which are of great significance in military



reconnaissance and surveillance. We know that the general radar can only de-
tect the target’s azimuth, distance, etc., while the hologram can give the three-
dimensional image of the target, which is very important for the timely identifi-
cation of aircraft, ships and so on. Therefore, people attach great importance to
it. However, due to the rapid attenuation of visible light in the atmosphere or
water, it can not even work in bad weather. In order to overcome this difficulty,
infrared, microwave and ultrasonic holography techniques have been developed,
that is, taking holograms with coherent infrared light, microwave and ultrasonic
wave, and then reconstructing the object image with visible light. The principle
of this holographic technology is the same as that of ordinary holography. The
key of the technique is to find the medium of sensitive recording and the suitable
reproducing method.

Holography has been extended from optical field to other fields. For exam-
ple, microwave holography and acoustic holography have been greatly developed
and successfully applied in industrial medical and other fields. The holography
of seismic wave, electron wave and X-ray is also in-depth study. Holograms are
widely used. For example, it is used to study shock wave of rocket flight and
nondestructive test of honeycomb structure of aircraft wing. Now there are not
only laser holography, but also white light holography, rainbow holography and
panoramic rainbow holography, so that people can see all sides of the scene.
Holographic three-dimensional display is developing towards holographic color
stereoscopic TV and film. With the development of image processing technology,
computer generated hologram (CGH) has been rapidly applied to various fields.
Various of holograms has been printed, such as the computer-generated Fres-
nel hologram (CGFH), the computer-generated rainbow hologram (CGRH), the
computer-generated cylindrical hologram (CGCH), the computer-generated disk
hologram (CGDH), and the computer-generated alcove hologram (CGAH) [41].

1.4 Overview of thesis

The purpose of this paper is to use computer generated hologram (CGH) tech-
nology to print full-color volume holograms. Through the improvement of the
software and hardware, the image quality of volume printing technology is im-
proved. The following are the main contents of each chapter :

Chapter 1. Introduction
e A description of the history of volume hologram printer, related works
and motivation

Chapter 2. Background Knowledge
e A description of the background of hologram. Introduction of principle
and types of holograms.

Chapter 3. Volume hologram printer
e Sampling theory for the volume hologram. A description of steps about
volume hologram printer.

Chapter 4. Volume hologram printer system
e Introduction of different kinds of hologram printer systems.
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Chapter 5. Improve quality of volume hologram
e The method to improve the quality of out-put volume holograms. Add
digital filter to the element hologram and partially overlapping.

Chapter 6. Conclusion
e Briefly summarizes the work and results done within this thesis, states
areas in the system needing improvement, and discusses possible avenues
of future research.



Chapter 2

Background Knowledge

With the development of computer technology and photoelectric imaging tech-
nology, computational holography and digital holography have gradually become
the hotspots of holographic display research today, and the three-dimensional
display and measurement technology based on wavefront reconstruction is grad-
ually being used. Holographic optics is the foundation of all types of holographic
technology. Optical holography uses optical interference to encode the wavefront
into interference fringes, and then uses diffraction to reproduce the wavefront.

2.1 Basic principles of optical holography

Holography is a two-step lensless imaging method based on the principle of
interference recording and diffraction reconstruction [42]. The wavefront of light
from three-dimensional object is recorded on the photosensitive material. The
hologram is illuminated according to the need to reproduce the wavefront of the
previously recorded object light wave. It is a three-dimensional three-dimensional
imaging technology.

2.2 Wave-front record

The first step of holography is to record all the amplitude and phase informa-
tion of the object’s light wave on the sensitive material. Since the photosensitive
material is sensitive only to the intensity of light, coherent light is used to record
the interference fringes generated by the mutual interference of object beam and
reference beam with amplitude and phase information into a hologram in the
form of intensity distribution, so the hologram is actually an interferogram.

Show in Figure 2.1, The object (O) is scattered by coherent light, and the
scattered light carries all the information of the object. It is assumed that the
coordinates of the object light wave and the reference light wave emitted by the
coherent light source (R) arrive at the holographic plate H at = and y, respectively:

O(Qf,y) - Oo(xvy) exp[i¢o(‘rvy)] (21)
R(l’, y) - Rr(xv y) exp[i¢T(l‘, y)]
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Figure 2.1: calculation of hologram.

where O,(z,y), R (x,y), ¢ o(x,y) and ¢ ,(x,y) are the amplitude and phase dis-
tributions of the object wave and the reference wave on the H plane, respectively.
Since the amplitude of light on the interference field is the coherent superposition
of the two, the total light field on the H plane is :

Uz, y) = O(z,y) + R(z,y) (2.3)
the intensity distribution after the interference is as follows :

I(X,)Y) = |OX,Y)+R(X,Y)]
= |OP + |R* + 2R{OR*}
= |O|2 + R72« +20,R, COS[gZi,«(JI, y) — ¢o(, y)] (2.4)

In the above formula, the first term and the second term are the intensities of
the reference light and the object light when they are separately on the plane h.
their sum represents the average intensity of the interference fringes. The third
term contains the amplitude and phase information of the object light wave and
the reference light, which indicates that the intensity change of the interference
fringes alternately is 20,R,. The phase is ¢,(x,y) — ¢o(x,y). The amplitude
information is obtained from the change of the visibility of interference fringes,
and the phase information is obtained from the shape and spacing of interference
fringes. Therefore, the interference fringes recorded on the hologram reflect all
the information of the amplitude and phase of the object.

The transmission function ¢ of hologram is proportional to the total light
intensity, then the coefficient is assumed as a S :

t(r,y) = B(OP+ R}
+20, R, cos[op(z,y) — do(z,y)]) (2.5)



2.3 Wave-front display

The second step of holography is to display the object beam from hologram. The
hologram can be regarded as a diffraction screen with a transmission coefficient of
T, which is equivalent to a composite grating, because this hologram records the
distribution of object light field, which contains many gratings formed by coherent
interference of plane wave and reference wave in different directions corresponding
to different spatial frequency components. When a hologram is illuminated by a
reference light, the reconstructed object beam waves are contained in the diffrac-
tion light field behind the hologram. After the amplitude distribution passing
through the hologram plane H:

U0<X7 Y) - R(I,y)t(l‘,y)
= B(|JOPR+ R2R+ R*O* + R20) (2.6)

Where, the first and second term can be combined into one term, which retains
the information of the reference wave beam. The third term and the original light
wave only add a coefficient 8 to reproduce the object light wave, and the image
formed is called the original image. The fourth term is the conjugate term, which
not only conjugate with the object light wave, but also adds a phase factor.
Therefore, this term becomes a distorted conjugate term and is a real image.

Each point on the hologram records all the information of the wave emitted
by all points on the object, so each point can reproduce the whole image under
the illumination of the reference light. The more points contribute to the recon-
structed image, the higher the brightness of the image. The more points, the
larger the illumination aperture, the higher the resolution of the image, and the
wider the viewing angle of the three-dimensional image.

At the same time, the four items overlap each other on the hologram. Since
light propagates independently, the four items overlapped on the hologram will
propagate in three different directions. As long as the angle between these direc-
tions is large enough to be separated from the hologram, the images produced
by these four items will not interfere with each other when observed in different
directions.

2.4 Computer-generated holography

The hologram has three-dimensional (3D) information such as the binocular
parallax, the convergence, and accommodation. Therefore, the reconstructed im-
age of the hologram provides natural spatial effect. In particular, the viewer gets
strong dimensional impression when the image is popping up from the hologram
plane. Computer-generated holography (CGH) ,whose interference fringes are
calculated on the computer, is a kind of technology which can form hologram
by digital synthesis of object light wave. It does not need an actual object, as
long as the mathematical information of the object light wave is input into the
computer, the digital hologram is obtained after the computer coding, and then
input into the spatial light modulator for direct display. CGH must first obtain



the structure and texture data of the object. For the actual object, a digital
three-dimensional scanner can be used for data collection. For non-existent ob-
jects, 3D software can be used to design the required three-dimensional objects
and obtain three-dimensional data. In this paper, the data of three-dimensional
objects are acquired by the existing 3D software, and the primary hologram is
displayed through the spatial light modulator.

2.5 Volume holography

Due to the rapid development of computer technology, digital computer has
been widely used in the field of optics. It can not only simulate the optical process,
but also connect with the recording and display devices, and simulate most of
the digital optical phenomena. At the same time, due to the emergence of fast
Fourier transform (FFT) and other computing methods, the time required for
calculation is greatly shortened, which provides the possibility for the application
of computer technology in the field of holography, and promotes the development
of hologram digitization technology. Since computer-generated hologram (CGH)
is the calculated interference fringe pattern, which is made by the wave-front of
a 3D object and the reference beam, and can faithfully reconstruct the recorded
wave-front. However, the required pixel pitch almost as same as wavelength of
visible light, the practical 3D display with the CGH printer could hardly be
output. However, the common problem about those printers is those can only
output a transmission hologram which is a plane interference fringe: although
some of printers output the hologram which seems to be reflection type, it shows
the transmission hologram on the character. The image which is reconstructed by
the white light, will appears to be blurred. Because the transmission hologram
is sensitive to the wavelength, as it has the wavelength selectivity. Then it is
difficult to realize the full parallax and full color image. Therefore, for the full
parallax and full color image reconstruction with the transmission hologram, the
large-scale reconstruction system is necessary, which uses lights of primary color.
As a method of the simple reconstruction, it is only necessary to use a volume
reflection hologram. Since volume holograms have the wavelength selectivity, the
full color image can be obtained with the white light illumination simply. The
volume reflection hologram, however, needs an optical system to transfer a CGH.

2.6 Full-color volume hologram

The basic principle of color display is to decompose the image of a color object
into three primary color images of red, green and blue and record them separately,
and then superimpose the three primary color images through a certain method
to achieve color display. Since color holography requires the superposition of
three wavelengths of laser light to achieve display, there are also requirements on
recording materials for recording holograms, and recording materials capable of
simultaneously satisfying three colors of light are required.



2.7 Characteristic of holograms

Hologram is the result of the interference of scattered light and reference light
which contains all information of the object, so the shape of interferogram is
generally very complex. However, every point on the object can be regarded
as the scattering center, radiating spherical or plane wavelet. Many of these
wavelet superposition form a complex hologram. According to the recording and
reconstruction of hologram, we can see that it has the following characteristics :

1. Holography can record and reproduce the amplitude and phase of the light
wave of the object, so the stereoscopic image of the object can be obtained
by holography

2. Holography is essentially an interference and diffraction phenomenon. The
recording and reconstruction of hologram usually needs monochromatic
light source, and the coherent length of monochromatic light should be
greater than the optical path difference between object light wave and
reference light wave, so as to ensure the interference between light wave
scattered from different parts of the object and reference light wave

3. Any part of the hologram can reproduce the basic shape of the original
object. The spherical wave scattered from any point of the object can
reach each part of the holographic plate and interfere with the reference
light to form a elementary hologram, that is, each point of the hologram
records the scattered light from all the objects. So even if the hologram is
damaged, it can reproduce the image of the object

2.8 Fringe printer

The zone plate technique proposed by Waters [43] synthesizes a computer
generated hologram (CGH); a 3D image is represented by an aggregate of object
points. Zone plates that generate the object points are summed to calculate a
hologram distribution. This technique was inspired by the work of Rogers, who
recognized that the Fresnel zone plate could be considered as a hologram [44].
With development of computer-generated hologram (CGH), fringe printer shown
in Fig. 2.2 as the output device of the CGH, has developed to provide the 0.44
pm pitch and over 100 G-pixels holograms [45].
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Chapter 3

Volume hologram printer

Various kinds of hologram printers have been studied and holographic stere-
ogram printers have been studied for many years and commercialized by several
companies. The holographic stereograms are basically made from an array of
2D images, phase added stereograms include phase information to improve image
quality and used to generate photo-realistic hologram. With developing of the
computer-generated holograms (CGH) of 3D object, it becomes easier to calculate
and print the plane transmission hologram. For CGH printing, an electron beam
printer and a laser lithography provide quality printing. Since these equipment
are high cost, some studies on low cost hologram printers have been proposed.

3.1 Introduction of volume hologram

Computer-generated hologram (CGH) is the calculated interference fringe pat-
tern which is made by the wavefront of a 3D object and the reference beam, and
can faithfully reconstruct the recorded wavefront. Since the required pixel pitch
almost as same as wavelength of visible light, the practical 3D display with the
CGH printer could hardly be output. Many researches have been conducted on
the CGH printer, which has each feature, high resolution, high density, compact
system, speedy print and so on. However, the common problem about those
printers is those can only output a transmission hologram which is a plane inter-
ference fringe: although some of printers output the hologram which seems to be
reflection type, it shows the transmission hologram on the character. The recon-
structed image by the white light tends to get blurred and is difficult to realize
the full parallax and full color image, since the transmission hologram does not
have the wavelength selectivity. Therefore, for the full parallax and full color im-
age reconstruction with the transmission hologram, the large-scale reconstruction
system which uses lights of primary color is necessary. As a method of the simple
reconstruction, it is only necessary to use a volume reflection hologram. Since
volume holograms have the wavelength selectivity, the full color image can be ob-
tained with the white light illumination simply. The volume reflection hologram,
however, needs an optical system to transfer a CGH.

Although the plane transmission hologram is easy to print, it has a chromatic
dispersion, which causes image blur with white light illumination. On the con-
trary, the volume reflection hologram has wavelength selectivity and causes no

12
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Figure 3.1: Minimal system of the volume hologram printer [46]. Spatial filter is
a combination of a microscope objective lens and a pinhole.

chromatic dispersion and it’s easy to show 3D images with white light illumina-
tion. Although the transmission hologram can be optically transferred to volume
hologram manually, the automatic volume reflection hologram printer still have
been studied. The main principle of volume hologram printer is a reconstructed
image from the plane CGH is optically transferred to a photo-sensitive material
as the volume reflection hologram. The volume hologram printer is also used to
fabricate a holographic optical element for laser 3D display. Since the resolu-
tion of the spatial light modulator (SLM), which is used to display plane CGH,
is usually 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. 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 3.1 shows a basic configuration of the volume
hologram printer [46]. A part of the CGH is displayed on a Liquid Crystal on Sil-
icon (LCOS) as the SLM. The reconstructed image from the CGH is transferred
to a photo sensitive material with reference beam entering from the other side
to make the volume reflection hologram as shown in Fig. 3.1. Since the trans-
ferred hologram is very small, many holograms are tiled to form a practical size
hologram.The small transferred hologram is also called as an elemental hologram

3.2 Primary Plane Hologram

The reconstructed image from the CGH is recorded in a photo sensitive mate-
rial (holographic plate) as the volume reflection hologram. This section describes
calculation method of the primary plane hologram as CGH and digital filtering

13



to record partially overlapped secondary volume hologram.

The object data represents a three-dimensional object, which is approximately
a collection of self luminous points. The scheme consists of three-dimensional
coordinates, amplitude and phase. Fig. 3.2 shows the model for creating object
data. The observation point is located on the positive side of 2z axis. The three-
dimensional object is located on the hologram plane, and the volume hologram
is finally output. In addition, before computing the target data as the element
hologram, the virtual window is used to segment the target data. As shown in
the figure, the virtual window splits the hologram plane at equal intervals. In
addition, an element hologram has an open virtual window. Only objects passing
through the virtual window can be used to calculate the element hologram.

In other words, the element hologram records the object data segmented by
the virtual window. In order to segment the target data in practical application,
the recording area is added to the target point information one by one. The
recording area is the area to be calculated for the target point on the element
hologram. The figure 3.3 shows the model for calculating the recording area. If
the light from the target point passes through both the open virtual window and
the element hologram, the point is recorded on the element hologram. In order
to calculate the recording area geometrically, we only consider the light passing
through both ends of the open virtual window.

3.3 Calculation method

The primary plane hologram is calculated as the lensless Fourier hologram as
show in Fig. 3.4.The volume hologram can be optically recorded from the CGH
printed by the holographic fringe printer known as the optical transfer. The im-
age reconstructed from the CGH is recorded in a photo sensitive material as the
volume reflection hologram. Although the CGH can be recorded automatically,
the optical transfer should be done manually. The basic idea of the volume holo-
gram printer is replacing the printed CGH to the SLM. In this figure, it shows
a model to calculate the elemental hologram as the lensless Fourier hologram.
A reference point source is located under the open virtual window, and the ob-
ject point source is used except for the dark zone. The elemental hologram is
calculated by using the real part of the Fresnel hologram calculation as follows:

N
Q;

I(z,y) = ; . costhri+ on(o,y) + di, (3.1)

where N is the number of the object points, a; is the real-valued amplitude

and ¢; is initial phase of the i-th object point. The wave number k is defined as

k = 2w /X, where X is the free-space wavelength of the light. r; is the distance

between the i-th object point and the point (z, y) on the elemental hologram,

and ¢p is the phase distribution of the reference light. The intensity pattern of

the light I is computed only in the record area of the object point. In addition,
this calculation is necessary to satisfy the following equation:

2d(sin Opp; — sinbrer) < A, (3.2)
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where d is the pixel pitch of the elemental hologram, 6,,; is the angle of the object
beam and 0,.y is the angle of the reference beam to the hologram. Among them,
Oop; and 0,5 are variable depending on the size of the virtual window. Therefore,
the size of the virtual window is determined to satisfy Eq. (3.2).

In totally, the 3D object model is assumed as a collection of self-illuminated
points. 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 3.5 shows a virtual window and a reference point source for
CGH calculation. The virtual window has 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 Figs. 3.5.
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Figure 3.2: Model to create object data.
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Figure 3.3: Schematic of the elemental hologram.
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Chapter 4

Volume hologram printer system

The field of static holographic three-dimensional display requirements is very
wide, such as virtual display of precious cultural relics, static three-dimensional
advertising, holographic three-dimensional topographic maps and holographic
printing [47-52]. Due to the rapid development of computer technology and
optoelectronic technology, the best solution for holographic display is to use com-
puter and optoelectronic technology, combined with the characteristics of the
hologram structure, to decompose the hologram into individual hologram units,
and then use splicing technology Recorded on photosensitive material, this is the
so-called hologram printing. Hologram printing technology has developed many
technologies, and this article mainly introduces the full-color volume hologram
printer.

4.1 Optical holographic printing system

The structure diagram of monochromatic source volume holographic printing
system is shown in Fig. 3.1. After passing through the HWP, the light emitted
by the laser is divided by the polarizing beam splitter PBS1. One way is the
object light and the other is the reference light. After collimating and expand-
ing, the reference beam passes through iris and reaches the holographic plate.
After collimating and expanding, the object light is reflected by the polarizing
beam splitter PBS2 and then vertically enters LCoS. Then the beam reaches the
holographic plate through PBS2. Since the hologram is composed of multiple
elemental holograms, the complete hologram can be printed by computer control
platform X-Y.

The volume hologram is output when the reference beam from opposite side
interferes with the reconstructed image of the elemental hologram on the LCoS.
The important components of the minimal system are shown below: The L3, it’s
focal length is 50 mm and with a diameter of 45 mm, whose converging angle is
proportionate to the viewing angel of output hologram; The filter can only passes
the first order of the diffracted light from the LCoS; the LCoS’s resolution is 1,920
by 1,080 pixels and it has 8 bits levels, which can displays the elemental hologram;
the X-Y stage’s resolution is 4 ym and it’s moving area is 200 mm by 200 mm,
which can translates the holographic plate; Shutter can control the exposure
time. The behaviors of the volume hologram printer are, changing the displayed
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elemental hologram, switching the shutter to expose the hologram, translating
the holographic plate and waiting the settling time to eliminate vibration settle.
The personal computer is controlling a series of those behaviors. Thereby, the
volume hologram can be output automatically.

In the minimal system, the reconstructed image of the elemental hologram
has distortion due to the difference between the characteristic of the illumination
beam and the calculation parameter of the reference beam. Figure 7?7 shows the
appearance of reconstruction from the elemental hologram. If the Lens (L3) is
located on the same position as the elemental hologram, the parallel illumination
converges on the reference point and makes the object point reconstructed at
its original position. However, the distance r between L3 and the elemental
hologram actually is not able to be zero due to the thickness of the lens and PBS.
Therefore, the reconstructed image is observed at the different position from the
original position. The observed depth z’ and the lateral magnification m are
shown by the following equation:

1
I — 4.1
2 N (4.1)
PN
/
+
m=_2 41 (4.9)
rz
2+ f4+—

f

where z is the original depth of the object point. In other words, the more the
reconstructed image has the depth and the more it becomes distorted. To cancel
the distortion in the reconstruction, the 3D object should be pre-distorted by the
basis of Eq. (4.1) and (4.2) before the calculation of the elemental hologram. In
our experiment, r = 100 mm.

Object point Reference point

[ Parallel illumination

Observed o Reconstructed
image h""---.._‘__ virtual image
L 3 |4k —; e

A~

Lens (L3) " Elemental hologram

Figure 4.1: Distortion of the reconstructed image.

4.2 Holographic wavefront printing system

As we know, the reflection hologram can be reproduced under white light, and
the holographic wavefront printing system can achieve this goal. The principle is
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Figure 4.2: Schematic of full-color volume hologram printer system.

to load the computer hologram on the spatial light modulator LCoS (as the SLM
), diffract the image after laser illumination, and then pass the band-pass filter
to get the wavefront of the image. Then take this wavefront as the object light.
Through interfering the reference light with it, we can get the reflection hologram
and record it. The figure below shows the light path structure diagram. It can
be seen that the holographic wavefront printer inputs the elemental holograms
into Liquid Crystal on Silicon (LCoS), and the lenses L1 and L2 form a 4F
system, which reduces the image displayed on the LCoS onto the recording plane.
Among them, there is a spatial spectrum plane in the 4f system, and a band-
pass filter is placed on this plane to pass only the spectrum of the reproduced
image. In this way, the light distribution on the recording plane is no longer
elemental holograms, but object light waves. At the same time, the reference
light is introduced behind the recording material to interfere with the object
light wave, and the reflection hologram can be recorded. Its biggest advantage is
that it can achieve white light reproduction.

4.3 Full-color volume hologram printer system

Full-color volume hologram has been introduced by another research group
[53], it is synthesized by three monochromatic light sources, so the system needs
to split and combine the red, green and blue lasers at the same time. Figure 4.2
shows our proposed system.

4.4 Volume hologram printer system

The volume hologram can be optically recorded from the CGH printed by the
holographic fringe printer as shown in Fig. 3.4, known as the optical transfer. The
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image reconstructed from the CGH is recorded in a photo sensitive material as the
volume reflection hologram. Although the CGH can be recorded automatically,
the optical transfer should be done manually. The basic idea of the volume
hologram printer is replacing the printed CGH to the SLM. A part of the CGH is
displayed on the LCoS as the SLM and the reconstructed image from the LCoS
is transferred to the unexposed holographic plate. The CGH is calculated as
the lensless Fourier hologram. The calculation method is same as the Fresnel
hologram with a point reference light located beside of the 3D object. Although
an amplitude modulation type LCoS can be used for the SLM, a phase-only
LCoS is also used to provide a complex amplitude modulation. Similar to the
holographic fringe printer, the single transferred hologram is as small as square
millimeters. Therefore, the X-Y stage translates the plate and printing numbers of
the elemental transferred hologram to make the reasonable size volume hologram.
The same control system designed for the holographic fringe printer can be used
for the volume hologram printer.

In the minimal system, The focal length f3 of the lens L3 in Fig. 3.1 is the key
of the optical system. The maximum size of the elemental transferred hologram
takes the same value of 0., in Fig. 3.4. Therefore, the longer f3 provides the
larger elemental transferred hologram and it makes printing rate higher. On the
other hand, the f3 also determine the viewing angle ©, where the reconstructed
image can be observed, written as,

O =2tan! (4.3)

w
2f5
where w is the size of the SLM. The larger f3; reduces the viewing angle, com-
promising with the elemental transferred hologram size. As shown in Fig. 3.4,
the lens L3 should be placed close to the CGH to avoid distortion in the recon-
structed image. However, it is difficult for the printer configuration shown in Fig.
3.1 because the PBS2 is inserted between the SLM and the lens L.3. Therefore, it
is better to insert the 4f optical system to relay the image of the SLM onto the
L3 as illustrated in Fig. 4.3.

The improved volume hologram printing system is shown in Fig.4.4. These

two L4s’ focal length is 100 mm and diameter is 40 mm. The rest are same with
Fig. 3.1.
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Chapter 5

Improve quality of volume
hologram

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. But the
final volume hologram consists of tiled small holograms and the tiling manner of-
ten causes spilt lines which will have impact on image quality. In order to improve
this influence, this chapter introduces digital filter and Partially overlapping in
detail.

5.1 Add digital filter to primary plane hologram

According to the previous description, in the volume hologram printing pro-
cess, the SLM is replaced by the primary hologram produced by CGH transmis-
sion. When printing a complete hologram, due to the resolution of the optical
system and other reasons, it is necessary to divide the hologram into several
elemental holograms in the process of calculating point data.

5.1.1 Image quality of printed volume hologram

Since the resolution of the spatial light modulator (SLM) , which is used to
display plane CGH, is usually megapixel order, the optically transferred volume
hologram’s size will also 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 X-Y motorized stage. In the improved optical system, a computer is used
to control the X-Y motorized stage. In the computer control panel, we can adjust
the exposure time when printing, the printing order of elemental hologram, etc.
However, when moving the X-Y motorized stage, it will cause phase discontinuity
and image degradation in reconstruction by diffraction effect at each elemental
hologram.

Using this volume hologram printer, a 3D model of skull is printed shown
in Fig.5.1. In general, the hologram can be printed completed. This volume
hologram consists of tiled small holograms and the tiling manner often causes
spilt lines shown in Fig.(b), which will reduce the quality.
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(a)
Figure 5.1: (a) volume hologram in normal output ( 3D skull model ). (b) Closeup
of the middle part of the hologram as marked with rectangle in (a) .

5.1.2 Overlapping approach

Within a elemental hologram region, the wavefront reproduced by CGH can
be recorded. However, the dividing process of the entire hologram causes the
phase discontinuity at the split lines of each elemental hologram, due to a lack
of positioning accuracy of X-Y motorized stage and also the time incoherence
recording of them. Because of this phase discontinuity, the reconstructed image
will be degraded by undesired diffraction effect. However since previous works
of wavefront printer do not optimize the cell size, the reconstructed images were
degraded by obtrusive split line due to visible cell size caused by too large cell
size for human eyesight, or by diffraction effect due to discontinuity of phase dis-
tribution caused by too small cell size. For this case, the overlapping recording
approach of sub-holograms is proposed to achieve both conditions: enough small-
ness of apparent cell size to make cells invisible and enough largeness of recording
cell size to suppress diffraction effect by keeping the phase continuity of recon-
structed wavefront [55]. Fully overlapping approach is proposed and the overlap
ratio is 50 % in both horizontal and vertical directions in that approach [55].

Fig.5.2 shows the concept of proposed approach. It is assumed that the en-
tire hologram data is divided into M x N of sub-hologram data considering an
overlapping mentioned. The first exposure of sub-hologram cell (0, 0) is executed
on the hologram, recording film with the cell size of Sy. In the region of one
exposure, since the recorded wavefront of object light is reproduced from a single
SLM, continuity of phase distribution in this region is ensured. Next exposure
position of sub-hologram cell (1, 0) is shifted by Dg from sub-hologram cell (0,
0) to X-axis. After recording M times of sub-holograms to X-axis with same shift
value Dy, the exposure position of sub-hologram cell (0, 1) is shifted Dg to Yaxis.
Then M times of exposure of second line are executed. A repetition of N lines
of exposures in the same manner as the first line, the entire hologram can be
recorded on the hologram recording film. In the overlapping approach, the phase
continuity of wavefront is ensured within the cell size Sy, and the appearance
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Figure 5.2: 50 % overlapping approach in both horizontal and vertical directions.

cell size becomes at Dg. Therefore, both parameters can be set independently,
and to optimize Dg smaller than Sy, it is possible to keep both conditions.

5.1.3 Spatial digital filter

If the mm order’s transferred holograms are simply overlapped partially, there
will have strong intensity non-uniformity (higher intensity in the overlapped parts
than the non-overlapped parts) that causes the split lines and reduces the qual-
ity. Fig.5.3 shows the normal output which is simply overlapped. The split lines
between elemental holograms are obviously. To improve this case, the inten-
sity non-uniformity of the overlapped part should be counterbalanced to make
it continues. The reconstructed image, which is the result of the first hologram
calculated as lensless Fourier hologram, should reduce image intensity near its
edges. In consideration of this, a digital filter is applied to the overlapping area
to control image intensity.

For a uniform intensity, the first hologram, which has been Fourier trans-
formed, is multiplied with a spatial digital filter as shown in Fig. 5.4(a), then
inverse Fourier transformed to obtain filtered or intensity controlled hologram.

The amplitude distribution of the filter is defined as:

f(@,y) = fo(@) fy (). (5.1)

Square of f,(x) and square of f,(y) are table shape function and written as:

(

0 (x < —m1)
(x14+2)/a (—z <x<—x1—|—a)
fo(r) = Q1 (—z1+a<z <z —a) (5.2)
(x1—x)/a (r1—a<z<u19)
0 (x1 < x)
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Figure 5.3: Normal output with simply overlapping.

(b)

(a)
Figure 5.4: (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) .

where a is an overlapping width, and —x; and x; are left and right coordinates of
the reconstructed image plane shown in Figure 3.5. The horizontal overlap ratio
is defined as a/W.

(f,(ly]) (0<y)
0 O<y<wy)
- (y—v)/b pn<y<wy +b)
W =1, (B +b<y<y,—0) o
(2 —2)/b (2 —b<y < 1y)
L0 (y > v2)

where b is an overlapping height, and y; and y, are bottom and top coordinates
of the reconstructed image plane shown in Fig. 3.5. The vertical overlap ratio is
defined as b/ H. Figure 5.4(a) is a sample of digital spatial filter image in intensity
(< f(x,y)) whose resolution is same as the first hologram (4,096 x 2160 pixel).
Overlapping ratios defined below are 10 % in horizontal and 10 % in vertical.
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The white and gray parts are the window of reconstructed image plane. 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 5.4(b) shows the
closeup of the top right filter area as marked with rectangle in Figure 5.4(a).

Based on Figure 5.4 and Eq. (5.2), two different types of hologram tiling
are shown in Fig. 5.5. Fig. 5.5(a), (b) and (c) are normal edge in three kind
joints and Fig. 5.5(d), (e) and (f) are filtered ones. Though in normal ones, well
joint with edge as shown in Fig. 5.5(b) 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. Fig. 5.5(d) and
(f) are insufficient overlap and excessive overlap. Similar with normal edge, the
insufficient and excessive ones will cause the intensity distribution uneven. Lower
intensity with black gaps between elemental hologram and higher intensity with
overlaps. Comparison of these cases, Fig. 5.5(e) is well aligned with filtered
edge. Filtered hologram can solve the problem of image intensity caused by miss
alignment and reduce the influence of calculation problem.

5.2 Partially overlapping to improve quality

Nevertheless, when using 50 % overlapping approach ( in both horizontal and
vertical directions), the printing speed is reduced one quarter as normal. As the
printing speed is slower, it will takes too much time to print a large hologram.
To improve image quality with little loss in printing speed, partially overlapping
approach was proposed. Figure 5.6 shows the partially overlapping approach
proposed here(10% both in horizontal and vertical). The principle is similar with
50% overlapping approach.

Numerical simulations are performed with parameters listed in Table 5.1,
based on the volume hologram printer in the author’s lab.

Figure 5.7 shows numerical reconstruction simulations of 2D model (USAF-
1951 resolution chart) from normal, overlapped holograms without filter and with
filter. In these results, the spatial digital filter is applied to each elemental holo-
gram and the intensity near edges is balanced. Although the simulation has been
done with perfect alignment of elemental holograms, visible dark gaps between

Table 5.1: Simulation parameters based on the volume hologram printer

Item Value
Laser wavelength 532 nm
CGH (LCOS) pixels 4,096 x 2,160
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
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1A

(c)

Figure 5.5: Comparisons of normal and filtered elemental hologram tiling. Hor-
izontal 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.

elements are observed in the normal output shown in Fig. 5.7(a). This hologram
consists of 24 elemental holograms, 4 in horizontal and 6 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 5.7(b) shows recon-
structed image from the overlapped hologram without the digital filter with 10 %
overlap in both vertical and horizontal. This hologram consists of 40 elemental
holograms, 5 in horizontal and 8 in vertical. Obviously, bright strips appear in
the reconstructed image because the overlapped areas are recorded twice and it
makes the overlapped areas brighter. Figure 5.7(c) shows reconstructed image
from the overlapped hologram with the digital filter (10 % overlap in both verti-
cal and horizontal). One can find that the boundaries between elements are less
visible than other results. Compare with these three different simulation results,
the overlapped one with digital filter shows higher image quality than others.
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Figure 5.6: Partially overlapping approach 10% both in horizontal and vertical.

Figure 5.8 shows numerical reconstruction simulations of 3D model (skull)
from normal, overlapped holograms without filter and with filter. All of these
holograms consist of 60 elemental holograms, 6 in horizontal and 10 in vertical.
Therefore, the printing time of all holograms will be the same. Figure 5.8(a) shows
the result of normal output without overlapping. The simulation has been done
with perfect alignment of elemental holograms, however, the split lines among
each elemental holograms are still obviously. With 10 % in horizontal and 10
% in vertical of overlapping, the images without filter and with filter are shown
in Fig. 5.8(b), 5.8(c), respectively. Bright grid appears in Fig. 5.8(b), which is
caused by the intensity non-uniformity, of which the digital filter is not applied.
In contrast, intensity fluctuations become smaller with the digital filter as shown
in Fig. 5.8(c). Compare with these three different simulation results of 3D skull
model, the overlapped one with digital filter shows higher image quality than
others.

On the basic of faster printing speed and higher image quality, different sim-
ulations have been done. According to these results, Figs. 5.7(c) and 5.8(c) show
higher image quality. It turns out that the proposed filter is effective to improve
image quality of the volume hologram printer.
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(a) Normal output without overlapping.

(¢) 10 %, 10 % overlapping with filter.

Figure 5.7: Reconstructed images from USAF-1951 resolution chart.
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(a) Normal output without overlapping.

(b) 10 %, 10 % overlapping without filter.

(¢) 10 %, 10 % overlapping with filter.

Figure 5.8: Reconstructed images from 3D skull holograms.
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Chapter 6

Conclusion

This dissertation is focused on the improvement of image quality. In more
detail, partially overlapping approach with a spatial digital filter was documented.
In addition, the improved generation method of the improved optical system and
intensity non-uniformity counterbalance are proposed.

In the first half of this paper, the principle and application of different holo-
graphic technology are mainly introduced. Due to the limitations of holography,
the volume hologram is more widely applied due to its wavelength selectivity.
On the basis of the original system, the improved system with a 4f system is
modified and rebuilding. Meanwhile, full-color volume hologram printer system
are proposed by our lab.

Since the hologram printer records many mm order’s elemental holograms
tiled in both horizontal and vertical directions, intensity fluctuations between
elemental holograms will cause problems. To reduce these influences of phase
discontinuity and image degradation caused by the movement of X-Y motorized
stage, overlapping approach is applied.

However, if the mm order’s transferred holograms are simply overlapped par-
tially, there will have strong intensity non-uniformity (higher intensity in the
overlapped parts than the non-overlapped parts) that causes the split lines and
reduces the quality. To counterbalance the intensity near its edge, a spatial dig-
ital filter is proposed. Then a spatial digital filter is multiplied with the first
hologram which is calculated as the lensless Fourier hologram. When printing,
each elemental hologram need to be printed four times of the overlapped parts.
Since the overlapping approach will cause the printing speed be slower, partially
overlapping approach with 10% in both vertical and horizontal directions is pro-
posed.

In summary, the improved methods of the image quality using partial over-
lapping was proposed and described in this paper.Then in order 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. As a result of simulation, it shows that it could control
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
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overlapping with a digital filter and normal outputs, the proposed method shows
effectiveness which makes it feasible to be applied in our future work.
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