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Introduction
In recent years, optics and optoelectronics became part of our lives. Optical end
electronic applications have bound together in several applications, mostly in the field
of information technology. This dissertation contains my results in two of these fields;
namely optical data storage and microwave signal delay lines.
Holographic data storage can become the next step in the history of data storage.
Because of its relevance the holographic data storage has been performed through several techniques. One of the most popular, which I used in my research is capturing the
data as a Fourier-hologram. Such approach requires the object beam to be modulated
not only in amplitude, but also in phase.
In Chapter 1, I review some key aspects of holographic data storage, including the
used methods and devices. Since my research is only a part of a larger project, most of
the content of this Chapter is based on other Ph.D. dissertations my colleagues wrote
at the Department of Atomic Physics [1, 2, 3, 4, 5], and contains longer translations
from these works where the information was not available in English. No information
disclosed in this chapter is my work, or my scientific result.
Chapter 2, contains my solution for the problem of simultaneous amplitude and
phase modulation with a 4-f optical system using a phase-only SLM modulating on a
0 − π range and a low-pass spatial filter. My method has several advantages over the
previous ones: for example, it works at any wavelength where it is possible to create at
least a π phase retardation. Thanks to this setup the use of phase masks in holographic
data storage systems can be avoided. I also made a proof of concept experiment and
studied the data storage capabilities and the limitations of my method. The results
were published in 2007 [6, 7].
Holographic data storage systems are not only capable of high data densities, but
also to secure data storage, which is an increasingly important topic. One possible
7
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way to achieve this is to include a phase modulating element in the reference beam
path, and use it to encode the data. Phase encoded holographic data storage systems
require that the relative position of the hologram and the reference beam nearly exactly match during readout and during write-in. Lateral shift between the write-in and
readout reference beams generates phase differences during readout, which degrades
the quality of the readout image and thus increases the bit error rate. Using different systems for writing and reading, the need of placing the hologram exactly in its
required position generates rigorous mechanical tolerances. Therefore, the system has
to be able to self align the relative position of the holographic medium relative to the
readout reference beam. There are articles about the shift tolerance of phase encoded
encryption systems [8] but few articles deal with the problem of hologram positioning
during reading [9]. This question is yet unsolved in the literature.
I investigated the possibility of phase code multiplexing in phase encoded holographic data storage systems. The essence of this conception is to divide the object
pages into sub-pages, and then use different phase code for each sub-page during writein. During read-out only the sub-page corresponding to the read-out phase code will
appear.
In Chapter 3, I explain my solution for the hologram repositioning servo. Using
phase code multiplexing, I developed a method capable of measuring the positional shift
of holograms between write-in and read-out with µm precision. Combining the method
with the idea of the optical servo developed at the Department of Atomic Physics, the
positional shift of the hologram can be corrected real-time without repositioning the
optical elements or the hologram. The results will be published soon [10].
In Chapter 4, I give an introduction about phased array antenna systems and the
True Time Delay principle. Since it is an introductory chapter, no information disclosed
in this chapter is my work, or my scientific result. Optical realization of True Time
Delay of microwave waveforms is a highly referred and very interesting topic due to the
related numerous application possibilities, especially in phased array antenna systems.
Numerous papers deal with the different forms of optically realized true time delay of
different waveforms (mostly pulses). It has been pointed out that optical realization of
True Time Delay has several advantages over the purely microwave implementation:
light weight, small size, considerably smaller crosstalk, and lack of leakage [11, 12].
Some optical systems create the delay by switching the path length of the signal. Such
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approach is advantageous from the bandwidth point of view, but only discrete-time
delay steps can be obtained with it.
In Chapter 5, I discuss my optical True Time Delay line capable of continuously
delaying microwave pulses in a ±200ns range. The heterodyne optical system uses
an acousto-optic modulator and a special electro-optic modulator developed for this
purpose to achieve the frequency dependent phase shift on the spectrum of the original
waveform which, according to the theory of path-length dispersion, creates the time
delay of the signal. The new feature of this system is its ability to perform the time
delay continuously. The results were published in 2004 [13].
A summary of my work can be found at the end of this dissertation in English and
in Hungarian.

Chapter 1
Introduction to Holographic data
storage
In this chapter I will review some key aspects of holographic data storage, including the
used methods and devices. Since my research is only a part of a larger project, most of
the content of this Chapter is based on other Ph.D. dissertations my colleagues wrote
at the Department of Atomic Physics [1, 2, 3, 4, 5], and contains longer translations
from these works where the information was not available in English. No information disclosed in this chapter is my work, or my scientific result. If you are
familiar with polarization holography and holographic data storage, or you have some
knowledge about the previous work at the Department, please feel free to skip this
chapter.

1.1

Polarization holography

Holographic data storage is a widely researched technique in the field of optical information storage. These systems convert several bits of information into a data image
and record them in a hologram. The hologram is generated by the interference of an
object beam, amplitude modulated according to the data image, and a reference beam
which can be phase modulated to achieve phase encryption or multiplexing [14].
The theory of polarization holography can be found in [15], but here I decided to
show a simplified theoretical deduction done by Ujhelyi [2]. The first polarized light

10
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induced anisotropy was created by Weigert, and from there on we call this phenomenon
the Weigert effect [16]. Materials showing the Weigert effect are such that when interacting with polarized light they change their structure in a way that anisotropy occurs.
The anisotropy depends on the polarization direction of the light. Let us consider a
cartesian coordinate system where the minimum and maximum refractive indices are
in the x and y axis. The refractive index difference is
∆n = ny − nx

(1.1)

The induced anisotropy can be measured with an incident beam where the polarization of the beam is oriented at an angle of 45◦ to both x and y. The phase shift
between the two components can be calculated with
∆φ =

2π
∆n · d
λ

(1.2)

where d is the length of the material and λ is the free space wavelength of the light.
In polarization holography the locally induced anisotropy is caused by the superposition of two polarized beams. Using two coherent an orthogonally linearly polarized
beams we can calculate the intensity of the sum. Hence:
E1 = A1

"

1
0

#

e(~ωt−kr)

(1.3)

E2 = A2

"

0
1

#

e(~ωt−kr+∆φ)

(1.4)

I = hE1 + E2 i2 = hE1 i2 + hE2 i2 + hE1 · E2∗ i + hE1∗ · E2 i,

(1.5)

where E1 and E2 are the electric fields. Since the two components are orthogonal, the
last two terms are zero, so the intensity is the sum of the squared electric fields. The
term ∆φ is the phase difference shown in Eq. (1.2). In a given points of space the
∆φ phase difference varies and with it changes the polarization state of the resultant
beam. Figure 1.1 shows the resultant polarization in some cases. The amplitudes are
the same for the two beams (A1 = A2 ).
If the phase difference between the two beams does not change in time, then the
material lit with both beams will change its structure and local anisotropy will occur
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Figure 1.1: The resulting polarization of the sum of two orthogonally linearly polarized
beams with equal amplitudes, but with different phase shift.

Figure 1.2: The discussed setup of the beams.
according to the phase shift. If the two incoming beams are plane waves arriving at a
given angle, then the anisotropy will become periodic. Both the real and the imaginary
part of the refractive index can become periodic. The directional dependence of the
imaginary component implies polarization selective absorption, or in other words polarization dichroism. The directional dependence of the real part is called birefringence.
The polarization behavior of a hologram can be represented with a Jones Matrix. If
the writing intensity pattern described in Eq. (1.5) creates a polarization hologram, the
Jones matrix describing the anisotropy of the refractive index real and imaginary part
in a (x′ , y ′ , z ′ ) system where holographic material surface is in the (x′ , y ′ ) plane and
the incoming beams are in the (y ′ , z ′ ) plane with their angle of incidence symmetrical
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to the z ′ axis can be written as [17, 18]:

h

i
Tℜ (y)

h

i
Tℑ (y)

x′ −y ′

x′ −y ′

= eiφ0 ·
=

"

"

ei∆φ cos δ
0
−i∆φ cos δ
0
e

#

T0 + ∆T · cos δ
0
0
T0 − ∆T · cos δ

(1.6)
#

,

(1.7)



where T0 = Tk + T⊥ /2 and ∆T = Tk − T⊥ /2. Tk and T⊥ are the transmission of
a reading beam with the polarization parallel, or perpendicular to the anisotropy. φ0
is the isotropic phase shift occurring passing through the holographic material. The
phase shift between the beams in the z = 0 plane equals
4π
Θ
y sin ,
(1.8)
λ
2
where Θ is the angle between the two beams creating the hologram, and λ is the
wavelength of the beams.
The phase shift caused by the real part of the refractive index is given in Eq. (1.2).
The Jones matrix of the total "
transformation can be
# transformed into any x, y coordicos (α) − sin (α)
rotational matrix.
nate system with the S (α) =
sin (α) cos (α)
h
i
h
i
i
h
= S (α) Tℜ (y)
T (y)
Tℑ (y)
S (α)
(1.9)
δ=

x−y

x′ −y ′

x′ −y ′

If a plane wave reaches the hologram the Jones vector of the diffracted beam will

be
h
i
Edif f (y) = T (y) Ein ,
!

(1.10)

cos (α)
is the incident linearly polarized beam. Using two
sin (α)
orthogonal counter rotating circularly polarized beams to write the hologram, the intensity will be the same as in the linear case given in Eq. (1.7). The Jones vectors of
two circularly polarized beams with the same amplitudes and where the phase of the

where Ein = Ein0
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beams depending on the position is given by Eq. (1.8), will be
#

E1

1
= √
2

"

1
i

E2

1
= √
2

"

1
−i

eiδ ,

(1.11)

#

(1.12)

e−iδ .

Calculating Eq. (1.11) + Eq. (1.12) we get
1
E = E1 + E2 = √
2

"

eiδ + e−iδ

i eiδ − e−iδ

#

2
=√
2

"

cos (δ)
− sin (δ)

#

(1.13)

We can see now that the E field is linearly polarized and the direction of the polarization
depends on δ (see Fig. 1.3).

Figure 1.3: The resulting polarization of the sum of two orthogonally circularly polarized beams with equal amplitudes but with different phase shift.
Equation (1.13) gives the polarization direction if the phase difference between the
beams in the origin is 0. The polarization direction will rotate in the origin according to
the ∆φ phase difference. The polarization direction everywhere else can be calculated
with a position dependent rotation, so
T (y) = S (−δ)
=

"

"

ei∆φ
0
−i∆φ
0 e

#

S (δ)

(1.14)

#
cos (∆φ) + i cos (2δ) sin (∆φ)
−i sin (2δ) sin (∆φ)
(1.15)
−i sin (2δ) sin (∆φ)
cos (∆φ) − i cos (2δ) sin (∆φ)

By using a circularly polarized reading beam to illuminate the hologram, we can cal-
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culate the diffraction efficiency of the diffracted beam.
Edif f (y) =
=
=
=
=

h

i
T (y) Ein
#
"
" #
cos (∆φ) + i cos (2δ) sin (∆φ)
−i sin (2δ) sin (∆φ)
1
1
√
2 i
−i sin (2δ) sin (∆φ)
cos (∆φ) − i cos (2δ) sin (∆φ)
#
"
cos (∆φ) + i cos (2δ) sin (∆φ) + sin (2δ) sin (∆φ)
1
√
2 i cos (∆φ) + cos (2δ) sin (∆φ) − i sin (2δ) sin (∆φ)
#
" #
"
i cos (2δ) + sin (2δ)
sin (∆φ)
cos (∆φ) 1
√
+ √
2
2
i
−i (sin (2δ) + i cos (2δ))
#
" #
"
1
cos (∆φ) 1
i sin (∆φ)
√
√
+
ei2δ
(1.16)
2
2
i
−i

The first term of the diffracted electric field is the 0th order, whereas the second term is
the first order. The direction of the first order is given by the position dependent phase
term in the exponent. For small angles, the angle between the first and the second
term is the same as the angle between the hologram recording beams. The diffraction
efficiency can be defined as
η=

+1 2
|Edif
f|

|Ei |2

(1.17)

Using Eq. (1.17) in Eq. (1.16), we can clearly observe the connection between the
phase shift and the diffraction efficiency.
η = sin2 (∆φ)

(1.18)

If the phase difference is π/2, the diffraction efficiency, in principle, can reach 100%

1.2

Data structure

During holographic data storage, we encode information into a 2D image called the
data page. The 0, 1 bits of the data will be converted to light and dark dots. Most
developers use the configuration designed by Sütő [19]. In Fig. 1.4 a possible data
structure can be seen. This one is used in the Holographic Memory Card system
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Figure 1.4: CCD image of a typical data structure
developed at the Department. It features all the main characteristics of a 2D data
page. The data consists of several blocks which are organized into a two dimensional
data structure. The middle of each block consists of a sync mark, in Fig. 1.4 these
are empty 4 × 4 pixel squares. Around them there are the data pixels which are also
organized into a matrix whose element size is 4 × 4 pixels. One element contains 16
pixels but since only a few of them are actually lit, most of them are dark. The ratio
between the lit and the dark pixels is called white ratio. White ratio has a significant
effect in the overall performance of the system. While a totally random data page
would have approximately an equal number of light and dark pixels, which will count
3
as a 0.5 white ratio, here we use a data page with a white ratio of 16
. This number is
in direct connection with the interpixel crosstalk of the system which depends on the
optical parameters of the system: the diffraction efficiency, the Fourier filtering used
and several other factors.
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Bit Error Rate

We define the Bit Error Rate (BER) as

BER =






number of incorrect bits
total number of bits

whichever is smaller



 1 − number of incorrect bits
total number of bits

The value of BER can be between 0 and 0.5. The reason is simple if the BER is
for example 1 it equals being 0 since all the bits are only reversed (0 bits became 1
bits and 1 bits became 0 bits) so the page contains the same information. If the BER
reaches 0.5 however it means that the data page behaves like a random data, there is
no correlation between the input and the output data of the system.

1.2.2

Symbol Error Rate

One can easily imagine that if the point spread function of the total optical system is
such that some light is leaking into the neighboring pixels, the configuration of the lit
pixels has an impact on the BER. Suppose the data structure is such that there is a
dark pixel, but all its neighbors are lit. Light leaking from 8 lit pixels into the middle
might be enough to convert this dark pixel into a lit one on the CCD, which will result
in an error. Using fewer pixels in carefully designed groups can overcome this problem.
In Fig. 1.4 the elements around the sync marks are constructed in such a way that
only 3 of the 16 pixels are lit at once. These three are chosen in a configuration that
minimizes the probability of creating an error pixel during the image processing. In
this configuration in which only 3 of the 16 pixels are lit the data bits of 1s and 0s are
not simply mapped to dark and lit pixels but in a spatial combination of the three lit
pixels, which can be codified as a symbol. The algorithm retrieving the information
from the image should be able to choose the most likely symbol of the 3/16 pixels
based on the possible ones. Even if there is a bit which is shifted on the CCD and
registered as its neighbor, the algorithm can correct it automatically. There is also a
possibility to include further algorithmic error correction codes, like the Reed-Solomon
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algorithm, into the data. The Symbol Error Rate (SER) is defined as
SER =

1.2.3

number of wrong symbols
total number of symbols

Sync marks

As mentioned above, the whole data page consists of data blocks that have the sync
mark in the middle and several elements containing symbols around them. This matrix
structure is imaged by the optical system twice: first, during recording its Fourier
transform into the hologram, and second, during the read-out, the image of the matrix
itself is imaged into the CCD. The whole image can contain the distortions of the
optical system. For example, the positions, sizes and magnifications can vary with the
position of the block. Sync marks are used to find the middle of a block. After the
middle of the block is found, the position of the elements containing the symbols can
be identified locally because local distortions are smaller than the global ones. The
advantages of such a structure are obvious. Imagine, that there is a small rotation of
the whole image on the CCD, i.e. the left corner is two CCD pixels above the right
one: addressing the pixels globally would create errors all around the data image, but
using blocks the local rotation of a block is under 15 CCD pixel, which will not cause
any problem. The top left block does not contain data, but only the sync marks.
This is the first mark that will be found during the data recognition. Knowing the
optical properties, all the other marks are found from the position of this first one. The
position of the mark is found with a correlation algorithm, where the part of the image
containing the mark is 2D correlated with the calculated ideal image of the mark. Since
the image can be at different positions on the CCD, the position of the first block is
only approximately known. This is the reason why there is no data written around
it, so the correlation algorithm will have an easier task. After the first block is found,
knowing the optical behavior of the system the position of the other marks are more
defined, only a ±1 CCD pixel deviation is likely between the neighboring marks. Sync
marks are an essential component of a large data page. Another use of the sync marks
in holographic data storage is discussed in Chapter 3.
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Spatial Light Modulator

In this section I will write briefly about the Spatial Light Modulator used in my the
measurements. The main task of the Spatial Light Modulator (SLM) is to convert the
data page (electronic information) into a modulated light pattern (photonic information). A Judit Reményi deals with the theoretical aspects of the SLM in detail in her
Ph.D. dissertation [1] in Hungarian.

1.3.1

Liquid Crystals

A liquid crystal (LC) is a substance in mesomorphic state, which means it is neither
liquid nor solid. [20] Its molecules usually keep their shape, like a solid, but they can also
move around, like a liquid. Nematic liquid crystals, for example, arrange themselves in
loose parallel lines. Smectic liquid crystals also have the parallel molecules, and these
molecules arrange themselves into layers, so their position is defined in 1D. The most
important type of smectic LCs are the C type, in which the axis of the molecules is in
a defined angle to the normal of the layers. Both nematic and smectic C type states
have a twisted variant in which the direction of the molecule twists spirally around an
axis. This variant of the nematic LC is called cholesteric. In a LC the direction of the
molecules can change if some kind of force is applied. For example, if a thin LC layer is
placed between two ridged plates, the molecules rotate into the direction of the ridges.
The direction of the molecules can also be manipulated with electric fields. The twist
in the nematic liquid crystals can also be caused by external forces, so it is possible to
create a twisted nematic structure similar to the cholesteric LC. The twisted nematic
LC is an inhomogeneous anisotropic medium, that behaves like an uniaxial crystal,
in which the optical axis is parallel to the direction of the molecule. The LC used
in electro-optic devices can be treated as an ideal dielectric medium. They usually
contain positive uniaxial crystals in which ǫk < ǫ⊥ , where ǫk is the electric permittivity
for the electric field parallel to the symmetry axis of the molecules, and ǫ⊥ is the same
for the perpendicular direction. Using a steady or slowly changing electric field, electric
dipoles are induced, and the field will generate a turning-moment on the molecules. If
ǫk < ǫ⊥ , they will rotate to be parallel to the electric field.
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Liquid Crystal Displays

Let us consider a setup where the liquid crystal is placed between two polished glass
plates, where the direction of the polish is such that the molecules are spirally twisted
in a 90◦ angle. [20] For instance, the molecules are parallel to the x axis at one plate
and parallel to the y axis at the other. The layers of the material will behave like an
uniaxial crystal, so the optical axis will rotate spirally around the z axis. It can be
calculated [20] that if a linearly polarized light travels along the z axis the polarization
direction of the light will rotate according to the molecules, so this cell serves as a
polarization rotator. If we apply an electric field in the direction of the z axis, and
the LC is such that ǫk < ǫ⊥ , the molecules will rotate into the direction of the field
(parallel to the z axis). If the rotation angle reaches 90◦ (above a voltage level) the
LC will lose its twisted state and will no longer work as a polarization rotator. If
we remove the electric field, they will return to their initial state because of the force
applied to them by the polished glass plates. Adding two polarizers before and after
the glass plates creates a light modulator. Figure (1.5) shows, how this setup can be

Figure 1.5: Schematics of the twisted nematic liquid crystal display. P1 and P2 are
linear polarizers set to perpendicular direction, G is the glass plate, E1 and E2 are
electrodes, LC is the liquid crystal, S is a switch, L is the light and I is the plane where
we measure the intensity.
used to modulate the amplitude and thus the intensity of the light traveling through.
By applying a voltage difference, the molecules will start to turn into the direction of
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the electric field, and will gradually lose the ability to rotate the polarization direction
of the incident light. Beyond a certain voltage level the molecules will reach 90◦ and
the polarization direction will not rotate any more. In this case, due to the analyzer,
the transmission of the device will be zero. Combining several modulator pixels into an
array we get a Spatial Light Modulator, with which the transmission of each pixel can
be addressed electronically. Using different incident polarizations, the device will be
able to modulate not only the amplitude but also the phase of the beam. Figure (1.5)
shows a pixel of a transmission SLM. There are reflection type SLMs as well, which are
called Liquid Crystal on Silicon (LCoS). In LCoS, liquid crystals are applied directly
to the surface of a silicon chip coated with an aluminized layer with some type of
passivation layer, which is highly reflective.

Figure 1.6: Structural schematics of the Liquid Crystal on Silicon SLM

1.4

The holographic material

In this section I will briefly review the different type’s of holographic materials. The
actual physical process according to which these materials work and a more detailed
explanation about the topic can be found in [15]. The most important question, which
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will be answered in Chapter 2, is how the material’s dynamic range counts as a limiting
factor while using pure amplitude modulation to store the data.

1.4.1

Material types

There are several materials in which anisotropy can be optically induced, such as some
alkali halide crystals, silver halide emulsions, some organic materials with metastable
triplet states, bacteriorhodopsin, but the most important nowdays are azobenzene and
polymers containing azobenzene. Todorova [21] achieved more than 35% diffraction
efficiency with azobenzene polymers which makes polarization holography capable of
holographic data storage applications. These polymers also have the required sensitivity for achieving short write in times, stability, and the possibility to erase and re-write
the material.

1.4.2

The Fourier holography

Most systems store the hologram at the back focal plane of a Fourier lens in order
to achieve optimal data density. Recording the Fourier transform of the object has
another even more important feature, it is more robust to errors of the hologram.
Since each part of the hologram contains information about the whole image, local
errors in the hologram will not cause local errors in the data image but degrade the
quality of the entire data image by a small amount. This is extremely useful since the
captured data image can be quite robust to overall loss of contrast or a small blur, but
it is very sensitive if the pixels in some areas are missing because of a dust particle, or
other errors in the hologram.
Saturation occurs, when the overall intensity, or the intensity of an area of the
hologram, is above the level at which the material itself can record. Saturation affects
the diffraction efficiency of the holographic material in a unique way. Since the usual
Fourier transform of an amplitude modulated object contains a high intensity DC spot,
the dynamic range of the material is usually not sufficient to cover the whole intensity
range. Experiments about the saturation and dynamic range of the material I have
used during my measurements have been done by Kerekes [4], and based on his results
Sajti created a theoretical model [5]. These results were published in [22, 23].
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The Fourier plane

In this section I explain the need to phase modulate the object beam in holographic
data storage systems. It also contains some possible solutions to achieve this phase
modulation which was already known when I started my research. My solution can be
found in Chapter 2.
Although the amplitude modulation of the object beam is sufficient to store the
required information, phase modulation of the object beam is necessary to reduce the
zero-order (DC) spot at the Fourier plane and thus to avoid the saturation of the
holographic storage material.

1.5.1

The SLM’s intensity distribution at the Fourier plane

Suppose we use an amplitude-only modulating SLM. The transmission of the device
can be written on the (x, y) plane as follows [14, 3]:
t (x, y) =

M X
N
X

m=1 n=1

amn rect

x
P



− m rect

y

P



−n ,

(1.19)

where we use M × N pixels with a P pixel pitch and 100% fill factor. The amn is
the transmission of the SLM pixel at the (m, n) location. The Fourier transform of
Eq. (1.19) in the (fx , fy ) frequency plane is
u (fx , fy ) = Const · sinc (fx , P ) sinc (fy , P )

M X
N
X

m=1 n=1

amn · e(−i2π(mfx +nfy )P ) .

(1.20)

If we calculate the intensity at the fx = 0 and fy = 0 point, we get
I (fx , fy ) = u (fx , fy ) · u (fx , fy )∗ = Const ·

M X
N
X

m=1 n=1

amn

!2

.

(1.21)

The recording of this peak (see Fig. 1.10c) would require a very high dynamic range
of the material or saturation occurs. Since saturation degrades both the diffraction
efficiency and the signal quality we need to create a more homogeneous intensity pattern
in the Fourier plane.
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Defocusing

Figure 1.7: Sketch of an optical system using defocus.
As the name implies, during defocusing we record the hologram not exactly in the
Fourier plane, but some distance (∆z) away from it (Fig. 1.7). This increases the size
of the hologram, but also increases the area of the DC spot and all the other spots at
different spatial frequencies, so the intensities of these peaks are distributed in a larger
area, thus they require a smaller dynamic range. The increase of the hologram size for
small ∆z can be written as:
D
′
r = r + ∆z,
(1.22)
f
where f is the Focal length of the lens, and D is the diameter of the lens. The intensity
′
peaks will decrease with (r )2 . The advantage of defocusing is the ease it can be applied,
however the disadvantage is that the size of the hologram also increases with it, so the
data density of the hologram will decrease. Shifting the hologram out of the focal plane
will also add an unwanted phase term to the hologram’s electric field, so the Fourier
transform will not be exact.
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Figure 1.8: Sketch of an optical system using an axicon.

1.5.3

Axicon

The axicon, shown in Fig. 1.8, is a phase modulating device composed of a circular
cone with a high apex angle. This will introduce a circular phase shift to the system.
Due to the axicon, the intensity peaks will transform into intensity circles thus creating
lower energy densities.

1.5.4

Phase mask

Both previous methods to create a more uniform intensity distribution in the hologram
plane have the common problem of not introducing a phase modulation random enough,
so the resulting intensity distribution at the hologram plane will not be ideal. However,
if we can introduce a more random phase modulation of the beam, we can improve
the hologram’s performance. Suppose we insert a pixelated structure after the SLM
which has the same pixel sizes as the SLM, and it has the property of changing the
transmitted light’s phase by Φ(m, n) as seen in Fig. 1.9. Eq. (1.19)will now become:
t (x, y) =

M X
N
X

m=1 n=1

jΦ(m,n)

amn e

rect

x
P



− m rect

y

P



−n ,

(1.23)
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Figure 1.9: Sketch of an optical system using an SLM integrated phase mask.
and the Fourier transform with the same phase term will be
u (fx , fy ) = Const·sinc (fx , P ) sinc (fy , P )

M X
N
X

m=1 n=1

amn ·e(−i2π(mfx +nfy )P +jΦ(m,n)) . (1.24)

If Φ(m, n) is random enough, the energy of the peaks will scatter (see Fig. 1.10d). For
example, if we use the fx = 0 and fy = 0 spatial frequency, then there exists a Φ(m, n)
PN
P
(−jΦ(m,n))
= 0.
where M
n=1 amn e
m=1
The main advantage of the phase masks is the ability to perform a truly random
phase modulation of the object beam, and thus to create a sufficiently smooth intensity
pattern for the holographic material to capture efficiently. Phase masks provide useful
solution [24], but the necessity of pixel matching and the difficulties of production make
the optical system expensive and hard to mass produce. One solution is to integrate
the phase mask to the SLM [25], however, the fixed phase delays of the phase mask
might produce even larger interpixel crosstalk in case of specific data patterns [26].

1.5.5

Hybrid ternary modulation

The best way to realize the required phase modulation is to use the SLM itself not
only as an amplitude, but a phase modulation device as well. Some SLMs are capable
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Figure 1.10: The effect of random phase modulation of an amplitude modulated data
page. (a) A purely amplitude modulated data page. (b) Adding a random 0 or π phase
modulation to the data page in (a). (c) Fourier transform of (a). (d) Fourier transform
of (c).
of working in ternary modulating mode, which means that three modes of light modulation are squeezed into the given 0 − 256 grayscale levels. All methods that use a
single SLM in ternary modulating mode either work in lower wavelengths (around 400
nm) [27] or are not capable to reach the phase modulation range of 0-π [28].
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Intensity distribution of a transmission phase
grating

We shall now calculate the diffracted light intensity from a 1D phase grating [29]. The
results here are used in Chap. 2 to calculate the intensity distribution of an even orders
missing grating.

Figure 1.11: Sketch for the diffraction integral calculus. Σ is the diffraction aperture
which contains the phase grating. The complex amplitude of electric field at the
aperture is Ũ (x, y). We will calculate the Ũ (x′ , y ′ ) complex amplitude at the (x′ , y ′ )
plane.
Using Fraunhofer approximation the size of the Σ aperture is considered small
compared to the distance z: πλ [x2 + y 2 ] << z, and at the same time we use that
π
[x′2 + y ′2 ] << z too. The required electric field distribution can be calculated as
λ
Ũ ′ (x′ , y ′ ) = C̃ (z) ·

x
Σ

k

′

′

Ũ (x, y) · ei z (x x+y y) dx dy,

(1.25)

is the wave number, and C̃ (z) is a complex constant which we will omit
where k = 2π
λ
from the further discussions. If we use a 1D phase grating in the Σ aperture than it
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will cause a modulation only in the y direction, so Eq. (1.25) will become
Dy

Ũ ′ (y ′ ) =

Z2

−

k

′

Ũ (y) · ei z ·y ·y dy.

(1.26)

Dy
2

Figure 1.12 shows the complex field distribution caused by a diffraction phase grating.

Figure 1.12: The complex field distribution caused by a diffraction phase grating
If the diffraction grating contains N periods, and the grating constant is d =
the electric field distribution can be written as

Dy
N

than

N

−1
2
X

Ũ (y) =

n=− N
2

Õ (y − n · d − y0 ) ,

(1.27)

where the Õ function gives us the electric field distribution in a single grating period
(see Fig. 1.13). Substituting Eq. (1.27) into Eq. (1.26) we get
Dy
2

Ũ ′ (y ′ ) =
−

R

Dy
2

"

N
2

=

−1
P

n=− N
2

N
2

−1
P

n=− N
2




−

Dy
2

R

Dy
2

#

k

′

Õ (y − n · d − y0 ) · ei z ·y ·y dy
k

′



Õ (y − n · d − y0 ) · ei z ·y ·y dy  .

(1.28)
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Figure 1.13: The phase and magnitude of the complex amplitude in a single grating
period
Using ξ ≡ y − n · d − y0 we get
N
2

−1
P

′

Ũ ′ (y ) =

n=− N
2

d
R
0

i kz ·y ′ ·y0

= e

i kz ·y ′ ·(ξ+n·d+y0 )

Õ (ξ) · e

·

N
2

−1
P

i kz ·y ′ ·n·d

e

n=− N
2

dξ

Rd



(1.29)

i kz ·y ′ ·ξ

· Õ (ξ) · e

dξ.

0

Calculating the sum in Eq. 1.29 we get
N

−1
2
X

i kz ·y ′ ·n·d

e

=

k
· y′
z
i· kz ·y ′ ·d

2i · sin
e

n=− N
2

·

N
2

−1

·

1
d



.

(1.30)

Calculating the integral in Eq. 1.29 we get
Rd
0

k

′

Ry1
Rd
k ′
k ′
1 · ei z ·y ·ξ dξ + eiφ · ei z ·y ·ξ dξ
y1
i
h0 k

k ′
i· z ·y ′ ·y1
iφ
· e − 1 + 1 − ei· z ·y ·d · eiφ ·
= e

Õ (ξ) · ei z ·y ·ξ dξ =

(1.31)
i·z
.
k·y ′

Using the following expressions:
m ≡
a ≡
b ≡

y′
z
y1
d
y0
d

·

d·k
2π

⇒

k
z

· y′ = m ·

2π
d

(1.32)

CHAPTER 1. INTRODUCTION TO HOLOGRAPHIC DATA STORAGE

31

The electric field distribution will become




 i·d
i2π·m·b 2i · sin (π · m · N )
i·2π·m·a
iφ
i·2π·m
iφ
′
Ũ (m) = e
·
· e
.
· e −1 +1−e
·e ·
ei·2π·m − 1
2π · m
(1.33)
The intensity distribution in analytical form is
Ũ ′ (m)

2

=

sin2 (π·m·N )
sin2 (π·m)

·

d2
·
2·π 2 ·m2

· [2 − cos (φ) − cos (2π · m · a) + cos (2π · m · a + φ) − . . .
. . . − cos (π · m · a + φ) − cos (2π · m · (a − 1)) + . . .
. . . + cos (2π · m · (a − 1) − φ)]
This result is used to calculate Eq. (2.1) in Chapter 2.

(1.34)

Chapter 2
Hybrid multinary modulation
I propose a method for performing binary intensity and continuous phase modulation
of beams with a spatial light modulator and a low pass spatial filtering 4-f system.
With my method it is possible to avoid the use of phase masks in holographic data
storage systems, or to enhance the phase encoding SLM by making it capable of binary
amplitude modulation. The data storage capabilities and the limitations of the method
are studied.

2.1

Background

Holographic data storage is a widely researched technique in the field of optical information storage. These systems convert several bits of information into a data image
and record them in a hologram. The hologram is generated by the interference of
an object beam, amplitude modulated according to the data image, and a reference
beam that can be phase modulated to achieve phase encryption or multiplexing [14].
Most systems store the hologram at the back focal plane of a Fourier lens in order to
achieve optimal data density. In addition to the amplitude modulation of the object
beam, its phase modulation is also necessary to minimize the zero-order (DC) spot at
the Fourier plane and thus to avoid the saturation of the holographic storage material.
Several methods were studied to realize the required phase modulation such as random
phase masks, or various optical setups using a single SLM in ternary modulating mode
[27, 28]. Phase masks provide a useful solution [24], but the necessity of pixel matching
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as well as the difficulties of production make the optical system expensive and hard to
mass produce. One solution is to integrate the phase mask into the SLM [25], however
the fixed phase delays of the phase mask might produce even larger interpixel crosstalk
in case of specific data patterns [26]. Those methods that use a single SLM in ternary
modulating mode either work in lower wavelengths (around 400 nm) [27], or they are
not capable to reach the phase modulation range of 0 − π [28].

Figure 2.1: Optical setup used for the measurements
I propose an optical method that provides independent phase and amplitude modulation. My method is based on a single phase modulating SLM and a low-pass filter
in its Fourier plane (see Fig. (2.1)). Amplitude modulation is achieved by applying a
2D phase grating (e.g., a chessboard pattern with 0 and π phase) that diffracts most
of the light into non-zero diffraction orders blocked by the Fourier filter. The phase
grating representing one data pixel can be realized on 2 × 2 to 4 × 4 SLM pixels, thus
the resolution of the obtained amplitude modulation will be lower than that of the
SLM. A similar approach has been investigated using 1D gratings to control slowly
varying laser-beam profiles [30]. For binary modulation containing high spatial frequencies, the 2D solution is more advantageous, since the separation between non-zero
diffraction orders is larger; therefore, a larger low pass filter can be used favoring data
resolution. In addition, 2D gratings can be realized efficiently with readily available
rectangular-pixel LCD modulators.
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Theory

It is well known that a binary phase grating satisfying the condition φ (x) = φ (x + d/2)+
π, where φ is the phase shift and d is the lattice constant, realize a structure called
“even orders missing” (EOM) grating. The transitions of the first half of the grating period are replicated in the second half but the phase values are reversed, which
implies that no power is diffracted to the even diffraction orders. Correspondingly,
a chessboard-shaped diffraction grating of constant amplitude transmission and 0 or
π phase values satisfies the above condition, thus it has no zero order spot. Equation ((2.1)) shows the intensity distribution of a striped EOM grating at the back focal
plane of the first lens:


i2





sin π fxdλ N
xd
d2
xd
I (x) = h
+ 2 · cos 2π
, (2.1)
· 6 − 8 · cos π

i2  2
fλ
fλ
xd
xd
2
sin π f λ
4π
fλ
h

where x is the position in the Fourier plane, d is the lattice constant, f is the focal
length of the lens, λ is the wavelength and N is the total number of grating periods.
This expression can be derived from Eq. (1.34) if we set the fill factor to 0.5 and the
phase difference to π. The intensity distribution of a chessboard shaped grating is
I (x, y) = I (x) × I (y). Note that the location of the diffraction orders are inversely
proportional to the lattice constant.

2.3

SLM page structure

The basic idea of my method to obtain multinary modulation is to display a special
phase pattern on the SLM and to apply an appropriate filter on its Fourier transform.
For simplicity, let me realize ternary modulation. In this case, we have data pixels
of three different states: “off” pixels (0), non phase modulated “on” pixels (1), and π
modulated “on” pixels (-1). To achieve this, I group n × n SLM pixels together, and
consider them as a single data pixel. For an “on” data pixel, set all n × n SLM pixels to
the same gray-scale level according to the required phase shift, for an “off” data pixel,
set the SLM pixels to form a n × n EOM grating. An example is shown in Fig. 2.2.
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Figure 2.2: Special pattern applied to the phase SLM necessary to realize ternary
modulation. (a) Required ternary data pattern: 0 stands for “off” pixels, 1 for non
phase modulated “on” pixels, and -1 for π phase modulated “on” pixels. (b) Gray-scale
image applied to the SLM. The data pixels are represented on 4×4 SLM pixels.
The Fourier transform of the data page at the back focal plane of the first lens will
consist of the Fourier transform of the “on” data pixels aligned around the optical axis
and the Fourier transform of the “off” pixels, which will be 4 first-order spots at higher
spatial frequencies and some other odd-order spots at even higher spatial frequencies,
but no zero-order (DC) spot. If we set the diameter of the spatial filter to filter out the
4 first-order spots of the “off” pixels and then we use a second lens to repeatedly Fourier
transform the filtered image, we get the required intensity distribution at the CCD.
An example of this method is shown in Fig. 2.3. Of course, this method is capable
of multinary phase modulation by setting the gray-scale level of the “on” data pixels
as needed. This method can be used in a holographic digital data storage system by
recording the filtered Fourier image on a hologram.

2.4

Simulation

We investigated the method by simulation (using Fast Fourier Transformation) for the
following data pixel sizes: 4 × 4, 3 × 3, and 2 × 2 SLM pixels. The data area of
the input SLM image was chosen to be approximately 128 × 128 SLM pixels. In our
model, we took into account the effects of inhomogeneous illumination of the SLM and
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Figure 2.3: Simulation of the hybrid ternary modulation with the low pass filter:
(a) Image applied to the phase modulating SLM, one data pixel is displayed at 4×4
SLM pixels. (b) Central area of the SLM and the CCD images. (c) Beam intensity
distribution at the Fourier plane, the circle represents the low-pass filter aperture. (d)
The inverse Fourier transform of the filtered image, sharing the intensity distribution
in the CCD plane.
its inaccurate phase shift and slight intensity modulation. Our results show that the
method works even for the 2 × 2 SLM pixel sized data pixels, however, the needed
complexity of the image processing algorithm is considerably higher than in the 3 × 3
or 4 × 4 cases. The reason is that by reducing the size of the “off” data pixels the
corresponding chessboard pattern becomes less recognizable, and the shape of the data
pixels on the CCD degrades. The image becomes more sensitive to background noise
and to the effects of inadequate phase shift.
Using the 4-f system model presented in Fig. 2.1, we calculated how the Bit Error
Rate (BER) depends on the aperture diameter, see results in Fig. 2.4. I determine
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Figure 2.4: BER as a function of spatial filtering. Curves a,b, and c, simulation of the
2 × 2,3 × 3,4 × 4 representation in the 4-f system respectively (see Fig. 2.1); curve d,
simulation of the 2 × 2 representation in the holographic system (see Fig. 2.5); curve
e, experimental result for the 2 × 2 representation in the 4-f system.
BER from the area under the overlapping parts of the histogram functions of “on” /
“off” data pixels. The area is estimated by fitting Gaussian curves onto the overlapping
histogram parts. I relate the truncating aperture diameter to the Nyquist aperture of
data pixels, specified as f × Dλ , where f is the Fourier objective focal length and D
denotes data pixel pitch. Below 200% of the Nyquist aperture the BER always started
to rise. Above 200% the bit error rate maintained at a constant low level (though pixel
quality improved with the diameter, see Fig. 2.6), until the aperture size reached a given
value. From 300%, 450%, 600% (for 2 × 2, 3 × 3, 4 × 4 representation, respectively), the
BER drastically increased, which came from unfiltered peaks in the Fourier spectrum of
“off” data pixels. In order to estimate the applicability of our method in data storage,
I also performed a simulation on a holographic arrangement that includes a non-linear
model of our azo-benzene type photo-anisotropic storage material. Scheme of the used
setup is shown in Fig. 2.5, further details can be found in [31]. The results are depicted
in Fig. 2.4(d): nonlinearity of the storage material increases the BER at low aperture
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Figure 2.5: Model of the optical system I used in my simulations to estimate BER in
a real data storage application. The holographic arrangement is Fourier type, and the
reference and the object beams are coaxial. Identical optical elements represented by
the symbols are annotated only once. PBS: polarization beam splitter, λ/4: quarterwave plate.
sizes, then the BER drops drastically at a specific point. The reason behind these
effects lies in formula (2.2) which describes the diffraction efficiency η at hologram
reconstruction as a function of hologram recording intensity I = Iobject + Iref erence ,
I
and object/reference beam intensity ratio R = Irefobject
:
erence
η=C·

I2
R
·
(1 + R)2 (1 + t · D · I)2

(2.2)

In Eq. (2.2), D is the saturation constant, C is a material-dependent coefficient and
t denotes exposure time; the equation itself has been derived from (29) in [22]. The
steep BER decrease at large aperture sizes occurs when the four intensity peaks in
the object beam become unfiltered (see Fig. 2.3(c)). At these points of the hologram
R >> 1, causing the local diffraction efficiency drop to around zero, which “burns out”
the corresponding frequency components, acting like an ideal spatial filter.

2.5

Experiments

As a verification of my method, I tested the method experimentally too. The optical
setup corresponds to the 4-f system presented in Fig. 2.1 (no storage material included).
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Figure 2.6: The effect of filtering to the shape of the pixels at the CCD plane. Simulation was done at 106% 141% 177% and at 283% Nyquist cuts. Datapixel sizes: (a)
2×2, (b) 3×3, (c) 4×4.
The light source was a Nd:YVO4 laser with a wavelength of 532nm. I used a Holoeye
LC2002 SLM (832 × 624), driven by a personal computer. To achieve the π phase shift
with minimal intensity modulation on the SLM, I used an incident wave of circular
polarization (see [27]). The focal length were chosen to be 300mm and 200mm for
the first and the second lens, respectively, to allow me the use of a comfortable sized
aperture, variable in diameter. A Kappa CF 8/1 type CCD (768 × 576) connected to
a personal computer was used as a detector. The data area of the input SLM image
was chosen to be approximately 128×128 SLM pixels. The method was tested for the
following data pixel sizes: 4×4, 3×3, and 2×2 SLM pixels. The experiments show
that the method works even for the 2×2 SLM pixel sized data pixels, however, the
needed complexity of the image processing algorithm is considerably higher than in
the 3×3 or 4×4 cases. The reason is that by reducing the size of the “off” data pixels,
the corresponding chessboard pattern becomes less recognizable, and the shape of the
data pixels on the CCD degrades. The image becomes more sensitive to background
noise, and the effects of inadequate phase shift. Figure 2.7 shows the CCD image of
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a 2×2 SLM pixel sized data page, and the processed image. I would like to note that
decreasing the white ratio of the data image is advisable to reach the maximum storage
density for a holographic application as shown by Suto [32].

Figure 2.7: Measurements of the hybrid ternary modulation with the low pass filter.
(a) The CCD image of a 64×64 pixel data page, one data pixel was displayed by 2×2
SLM pixels. (b) The error map of the processed image, gray shows the original data
pixels, and white shows the errors.

2.6

Summary

I demonstrated the possibility that a single phase SLM and a low pass spatial filter can
be used as an amplitude modulator in a digital data storage device. The method is
capable of using the full phase modulation range of a given SLM and performing amplitude modulation simultaneously. By using a common 0-π phase SLM the realization
of two amplitude states is possible, while maintaining the 0-π phase range. The setup
eliminates the need for the commonly used phase masks with all of their difficulties.
The only disadvantage of the method is that it reduces the resolution of a given SLM
for the application at least by a factor of 4, however, existing SLM’s are more than
capable of handling a data storage device using this method and by the rapid development of SLM technology the method’s resolution improves. The most interesting
possibility with this method is that theoretically, with a proper optical setup, a phase
encoded holographic data storage system can be realized with a single phase-only 0 − π
SLM.

Chapter 3
Hologram positioning servo
Holographic data storage as an idea has been around since holography itself. The
possibility of high-capacity systems makes holographic data storage a promising candidate for future data storage systems. Securing data in a holographic data storage
system is one of today’s most investigated topics. Several methods have been suggested
to achieve secure data storage. Double random phase encryption is the most common
[33] or another well known method is polarization encryption [34]. The concept of phase
code multiplexing for data density enhancement is also well documented[35, 36, 37].
There are articles about the shift tolerance of phase encoded encryption systems [8]
but few articles deal with the problem of hologram positioning during reading [9].
Phase encoded holographic data storage systems require that the relative position of
the hologram and the reference beam nearly exactly match during read-out and writein. Lateral shift between the write-in and read-out reference beams generates phase
differences during read-out, which degrade the quality of the read-out image and thus
increase the bit error rate. Using different systems for writing and reading, the need
of placing the hologram exactly in its required position generates rigorous mechanical tolerances and the system has to be able to self align the relative position of the
holographic medium and the read-out reference beam.
In my proposed solution, I use a variation of the phase code multiplexing technique.
The essence of the idea is to separately write a data-carrying image and a positional
marker image to the same spot of the holographic material by using differently phase
modulated reference beams. The phase modulation I use for the positional marker
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image makes the read-out image sensitive to the hologram’s positional error. My
tracking mechanism requires two readouts. First, I read out the hologram containing
the positional marker with the shift sensitive phase code and from the CCD image
I calculate the magnitude and the direction of the occurred displacement; then, I
compensate it by placing the phase code to the calculated position on the SLM. For
the second readout, I use the phase encryption key in the calculated position to obtain
the data.
I briefly review the basics of phase encrypting and phase code multiplexing systems
in Section 3.1. In Section 3.2, I will investigate the effects of using a 0 − (π − ǫ) phase
shift and the directional shift effects of the phase codes I use. Section 3.3 reviews my
hologram position detection and shift compensation method including my experimental
results.

3.1
3.1.1

Basics of phase encryption in the Fourier plane
Single hologram

First, we assume to form our data into binary images. Usually the distribution of the
image in the so-called data plane would ideally be
E0 (x0 , y0 ) = D0 (x0 , y0 ) e[iπf0 (x0 ,y0 )] ,

(3.1)

where the functions D0 (x0 , y0 ) and f0 (x0 , y0 ) both take either the value 0 or the value
1. f0 (x0 , y0 ) is responsible for reducing the zero order peak intensity of the Fourier
transformed data image, thus avoiding the saturation of the holographic material and
increasing the spatial homogeneity of the hologram intensity distribution. This can be
achieved with either an axicon, a phase mask, or Hybrid Ternary Modulation (HTM)
using a phase modulating SLM and a low pass filter (See Chapter 2 and [6]), which
I used during my measurements. I record the Fourier transform of the data page to
the hologram with the phase modulated reference beam Rin (x, y) = exp [iπrcode (x, y)]
where rcode also takes either the value 0 or the value 1. Thus, on the hologram plane,
keeping only the term that I need for the later re-constructed object beam and neglect-
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ing all others, I record
∗
I1 (x1 , y1 ) = F {E0 (x0 , y0 )} Rin
(x1 , y1 ) ,

(3.2)

During readout, I also use a modulated reference beam Rout (x, y) = exp [iπrread (x, y)].
Fourier transforming the hologram plane yields Eq. (3.3) on the CCD plane:
∗
E2 (x2 , y2 ) = F {F {E0 (x0 , y0 )} Rin
(x1 , y1 ) Rout (x1 , y1 )} .

(3.3)

If Rin and Rout are the same and we use an intensity sensitive device such as a CCD we
obtain the original data image with reversed x and y axes: D2 (x2 , y2 ) = D0 (−x0 , −y0 ).
If we use a different phase code, or the phase codes are the same but not aligned
perfectly Rin and Rout will be different, thus
o
n
E2 (x2 , y2 ) = E0 (−x0 , −y0 ) ∗ F e[iπrdif f (x,y)] ,

(3.4)

where rdif f = rread − rcode . This means that the reconstructed image on the CCD plane
is actually the convolution of the data image and the Fourier transform of the phase
differences between the write-in and read-out phase codes. Each point of the data image
behaves like being diffracted on a phase structure of Rdif f (x, y) = exp [iπrdif f (x, y)].

3.1.2

Code multiplexed phase encoded holograms

In my setup, I use two holograms written to the same spot of the holographic material.
During the write process, the recorded intensity distribution will be
∗
∗
I1 (x1 , y1 ) = F {E0,1 (x0 , y0 )} Rin,1
(x1 , y1 ) + F {E0,2 (x0 , y0 )} Rin,2
(x1 , y1 ) .

(3.5)

Suppose that we use the write-in codes in perfect relative alignment, the read-out
holograms will be either
o
n
E2,1 (x2 , y2 ) = E0,1 (−x0 , −y0 ) + E0,2 (−x0 , −y0 ) ∗ F e[iπrdif f (x,y)] or,
o
n
iπrdif f (x,y)]
[
,
E (x , y ) = E (−x , −y ) + E (−x , −y ) ∗ F e
2,2

2

2

0,2

0

0

0,1

0

0

(3.6)
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depending on the code used in the read process. If we choose our codes such that rdif f
is not a periodic structure, then we can clearly see that during readout of one of the
holograms, the other hologram appears as noise on the CCD.

3.2

Effects of dislocation and phase shift perturbation on the read-out hologram

3.2.1

The effects of a shifted phase code on the reconstructed
image

The shift tolerance properties of random encrypted 4-f holographic data storage systems
are documented [8]. Here I would like to show the specific phase code patterns which are
useful for my method. In Eq. (3.4) we saw that during readout the reconstructed image
is the object beam diffracted by a phase structure, which corresponds to the Fourier
transform of the phase differences in the write-in and read-out reference beams. Let us
assume that our data page consists of a single point. The relative size of the diffracted
pattern depends on the spatial frequencies of F {exp [iπrdif f (x, y)]}. Let us construct
our phase codes of square shaped groups of SLM pixels. We low-pass filter the Fourier
plane of the reference beam before the hologram plane, so only spatial frequencies
smaller than those corresponding to a single SLM pixel grating may pass. Using this
filter, the phase patterns which are smaller than a single SLM pixel will be filtered, so
the parts of the image where the phase changes from 0 to π will have an approximately
one-pixel wide zero-intensity gap between them. (See Fig. 3.1) The SLM pixel groups
should be large enough to record sufficient part of the Fourier transformed data image.
Codes constructed with these limitations will be invariant for a one pixel or smaller
lateral shift between the write-in and the read-out processes.
Imagine that for reference beam modulation we use a “chessboard” shaped pattern
of 0 and π phase modulating squares as the phase code. Shifting such a pattern
horizontally with more than 1 pixel will result rdif f being a vertical phase grating where
the lattice constant equals the size of the tile of the used “chessboard”. By increasing
the lateral shift the fill factor of the grating will increase. The above statements are
true to horizontal shifts, and two dimensional shifts as well, just the position of the
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Figure 3.1: Simulation images of phase codes (a) The SLM page used for generating
the phase code. (b) The intensity distribution of the phase code at the hologram plane.
Note the one-pixel wide zero-intensity gaps where the phase changes rapidly.
diffracted orders of the light will be different.

3.2.2

Effects of a slightly perturbed phase and amplitude modulation

Suppose we have an SLM set to a non perfect phase and amplitude modulation. By
non perfect I mean that our two preset grayscale levels used for the SLM page will
give us the amplitude of A and B respectively, instead of 1, and the phase difference
between the two gray-scale levels is not π but π − ǫ. Let us add a δ horizontal shift
between the write-in and the read-out reference beams:
Rin (x, y) = [rcode (x − δ, y) · (A − B) + B] · e[i(π−ǫ)rcode (x−δ,y)]
Rout (x, y) =
[rcode (x, y) · (A − B) + B] · e[i(π−ǫ)rcode (x,y)] ,

(3.7)

where rcode (x, y) = rcode (x) is now a one-dimensional grating structure with the lattice
constant of 2a for simplicity (see Fig. 3.2). Suppose we use these beams to write-in
and read-out a hologram of a data page which consists of a single point source. The
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Figure 3.2: Simplified 1D grating structure sketch of Rin and Rout
field distribution of the read-out object beam on the CCD plane is:
∗
E2 (x2 , y2 ) = E0 (−x0 , −y0 ) ∗ F {Rout (x, y) × Rin
(x, y)} .

(3.8)

The CCD image using a single point source and a one-dimensional grating as reference
beam modulation will be composed of the peaks of the diffraction orders of the grating.
I shall now calculate the intensity of the ±1st orders. First, I use
Bei(π−ǫ) = −Be−iǫ

(3.9)

Now, I calculate the kernel of the Fourier transform:


0<x<a−δ



 a−δ <x<a
∗
Rout (x) × Rin
(x) =

a < x < 2a − δ



 2a − δ < x < 2a

, −Be−iǫ · (−Beiǫ )
,
A · (−Beiǫ )
,
A·A
,
(−Be−iǫ ) · A

=
B2
= −ABeiǫ
(3.10)
=
A2
= −ABe−iǫ
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The electric field will thus be
Ra
R a−δ 2 −iωx
B e
dx + a−δ −ABeiǫ e−iωx dx +
0
R 2a
R 2a−δ
+ a A2 e−iωx dx + 2a−δ −ABe−iǫ e−iωx dx



= ωi B 2 e−iω(a−δ) − 1 − AB e−iωa+iǫ − e−iω(a−δ)+iǫ +



+ ωi A2 e−iω(2a−δ) − e−iωa − AB e−iω2a−iǫ − e−iω(2a−δ)−iǫ .

E =

(3.11)

To calculate the electric field for the ±1st order, I use ω = ± πa .
E+ π
ia





δ
δ
= B 2 e−iπ+iπ a − 1 + A2 e−i2π+iπ a − e−iπ −


δ
δ
−AB e−iπ+iǫ − e−iπ+iπ a +iǫ + e−i2π−iǫ − e−i2π+iπ a −iǫ

 δ


δ
= B 2 −e+iπ a − 1 + A2 eiπ a + 1 −


iπ aδ −iǫ
iπ aδ +iǫ
−iǫ
+iǫ
+e −e
−AB −e + e

h δ

i

δ
= e+iπ a + 1 · (A2 − B 2 ) − AB eiπ a − 1 · (eiǫ − e−iǫ )
 δ

 δ

= (A2 − B 2 ) · eiπ a + 1 − AB2i sin (ǫ) · eiπ a − 1 ,

(3.12)

and




 
δ
δ
E− π
= A2 − B 2 · e−iπ a + 1 − AB2i sin (ǫ) · e−iπ a − 1 .
ia
If I calculate the intensity of the ±1st orders we get

 
δ
δ
+ 4CD sin π
,
I+ (δ) ≈ 2C + 2D + 2C − 2D cos π
a
a
 
 


δ
δ
2
2
2
2
I− (δ) ≈ 2C + 2D + 2C − 2D cos π
− 4CD sin π
,
a
a
2

2

2



2





(3.13)

(3.14)
(3.15)

for the ±2nd order we get





δ
δ
I+ (δ) ≈ 2C + 2D + 2C − 2D cos 2π
+ 4CD sin 2π
,
a
a






δ
δ
2
2
2
2
− 4CD sin 2π
,
I− (δ) ≈ 2C + 2D + 2C − 2D cos 2π
a
a
2

2



2

2



(3.16)
(3.17)

where C = A2 − B 2 and D = 2AB sin (ǫ). Please note that the two intensities are
identical except for the sign of the third term. If A = B, meaning the intensity
modulation of the phase SLM is identical for both phases, or if ǫ = 0, meaning the phase
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modulation is exactly π, then the third term becomes 0 and the intensity distribution
is symmetrical. However, if these conditions are not fulfilled, we get an intensity
distribution which is sensitive not only to the magnitude but also to the direction of
the displacement of the reference code (δ) and thus the displacement of the hologram
itself. The obtained intensity pattern can be processed to provide an error signal for
hologram positioning.

3.3
3.3.1

Hologram position detection method
One dimensional position detection measurements

I have constructed a proof of principle experiment to demonstrate hologram positioning
using the results of Eqs. (3.14-3.17). Figure 3.3 shows the optical setup of the system.

Figure 3.3: Optical setup for measurements
The system is based on a HTM technique, which produces the required phases and amplitudes. We use pinholes to low-pass filter the Fourier plane of the phase modulating
SLM [6]. Note that the proposed method is applicable with any other amplitude (or
ternary) modulated object and phase (or ternary) modulated reference waves. We now
set the quarter wave plates before the SLMs to have a slight amplitude modulation and
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a non perfect 0 − π modulation as well. This is realistic since perfect amplitude and
phase modulation are quite difficult to achieve. I use an 6-f system for the object beam
and a 4-f system for the reference beam. Since I use a photo-anisotropic polymer as
holographic material, I set the polarizations of the two beams to left and right circular,
respectively, before they are focused onto the holographic material. Fig. 3.4 shows the

Figure 3.4: (a) SLM pattern used for the modulation of the object beam, (b) SLM
page used for the modulation of the reference beam, (c) CCD image with 0 vertical
shift of the phase code, (d) CCD image with a 4 pixel vertical shift of the phase code.
patterns used for the object and reference beam modulation. After recording a hologram, I made several readouts where I shifted the reference phase code on the SLM by
1 pixel in a total range of ±13 pixels, which was the width of a single stripe of the code.
I measured the intensities of the ±1st and ±2nd orders as well as of the zeroth order.
My results can be seen in Fig. 3.5. I neglected the intensities scattered into higher
orders. Also note that there is a slight symmetry failure in the curve, which I believe is
caused by the slight misalignment of the reference code with respect to the hologram.
The sinusoidal behavior predicted by the theory is clearly visible. In this particular
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Figure 3.5: The intensity dependency of the tracking image points on the CCD for one
dimensional vertical shift. (a) First order diffraction spots. (b) Second order diffraction
spots.
case, if a horizontal displacement of the holographic plate occurs within the magnitude of 1/6th of the hologram then by measuring the 0th, the ±1st and ±2nd orders
appearing on the CCD I can calculate the shift of the hologram, and thus I can move
the phase code on the SLM to compensate it. I tested this approach experimentally.
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Data page composition for a two dimensional shift sensitive apparatus

Figure 3.6: SLM pattern used (a) for the modulation of the object beam during data
write-in, (b) for the modulation of the reference beam during data write-in, (c) for the
modulation of the object beam during marker write-in, (d) for the modulation of the
reference beam during marker write-in.
I demonstrated in 1D that by using a specific pattern as data and a specific phase
code as reference, we can create a shift sensitive system with which we can calculate
the hologram’s displacement from the intensity pattern on the CCD image and we can
compensate for it by positioning the phase code on the SLM. However, we obviously
need to store some data in the holographic material as well. I propose the following
solution. We use part of the data page for a marker block, thus sacrificing a small
portion of the data capacity. Most data pages usually contain sync marks [9], to achieve
fast and reliable image processing. These blocks are used only to insert positional
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information into the image to help locate the actual data carrying pixels. We use these
as our marker blocks as well. We divide the actual data pages into two sub-pages,
one for the data carrying pixels and one for the sync marks. The data are written-in
with an encrypting phase code, while the sync marks are written-in with a specific
two dimensional shift sensitive phase code. During write-in, I perform phase code
multiplexing on these images and thus write them into the same spot with the same
setup without moving the hologram. During readout, if I can find the exact write-in
phase-code position of the markers I will have the position of the data encryption code
as well, since these positions are identical. In Eq. (3.6), I have shown that during the
readout of a multiplexed hologram the hologram which is written with the phase codes
not present in the read-out reference beam appears as noise. To minimize the effect of
this background noise, I propose to leave blank a data block around one of our marker
codes in an area which is slightly larger than the position of the ±2nd order spots.
Since the data encrypting phase code usually scatters the marker block uniformly and
the total territory of the marker block is small compared to the data carrying pixels,
the background intensity caused by the markers during data readout is negligible. This
method also improves system security since it is impervious for attacks using the known
periodic structure of the sync marks [38]. The used data pattern, the marker pattern,
and the phase codes used for our measurements can be seen in Fig. 3.6. The position
sensitive phase code is now sensitive for two-dimensional shifts. The generated phase
grating can be taken as superposition of a horizontal and a vertical grating. This
means that the intensity distribution on the CCD can also be constructed from the
one dimensional case, simply I (δx , δy ) = I (δx ) × I (δy ). This will give us 8 spots for
every diffraction order on the CCD. The shift dependence of the ±2nd order diffracted
intensities, and the 0th order in the middle can be observed in Fig. (3.7) The sinusoidal
behavior of the 1D case can be observed as expected. For the measurement, I also used
the phase code multiplexed hologram recording method and wrote both data and sync
marker patterns into the same location on the holographic material. Measured CCD
images for various one pixel shifts are shown in Fig. 3.8. This measurement shows the
asymmetric behavior of the 2D shift sensitive phase code with the ±2nd order spots.
To calculate the shift, and determine the new corrected position of the phase code, I
calculated the actual normalized sine curves and generated the surfaces for every order
of the diffracted light. I assumed that only the 0, ±1 and ±2 orders exist, neglecting
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Figure 3.7: Computer simulations for the lateral shift dependence of the 0th and ±2nd
order diffracted light intensities with the use of a 6 × 6 chessboard like phase code
with 5 pixel sized squares. The figure in the middle is the (horizontal, vertical) shiftintensity curve of the 0th order, while the others are the respective ±2nd diffraction
orders around the 0th order.
the others. I measured the light diffracted into a given order, and normalized it with
the measured total intensity. I defined an error function using the least square method
for every diffraction order measured and calculated intensity. This error function takes
a global minimum at the coordinates where the measured intensity of the diffraction
orders is closest to their respective calculated intensities. I made experiments to prove
the feasibility of this method; Fig. 3.9 shows the results. I found that this method
has approximately 92% chance to find the amount of the shift within 0.5 SLM pixel
error for the described setup. The probability that the calculated shifts error is higher
than 1.5 pixels is only 10−7 . After we found the exact shift vector, we only need to
move the read-out phase encryption code in the SLM accordingly, record the position
of the sync marks, and then switch the code to the one which we used to write the
data page in. Succesive readouts and shift calculation can be made if the used phase
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Figure 3.8: (a) The CCD image of the positional markers without any positional shift
(b) The CCD image with a vertical shift of +1 pixel on the SLM, (c) The CCD image
with a vertical shift of -1 pixel on the SLM, (d) The CCD image with a horizontal and
a vertical shift of 1 pixel on the SLM.
code is sensitive to more than a 0.5 pixel shift. When the data page appears, we can
use the previously measured positions of the sync marks to read out the actual data
Fig. 3.10.

3.4

Discussion

During the above exposition of this servo system I avoided the use of exact measurement data about lateral dimensions. This is because of the simple fact that all these
values are linearly scaled by the hologram size. In my case the diameter of the hologram was 630µm. I used 12×12 SLM pixel phase code elements in a 12×12 array as a
phase code (see Fig. 3.6b), and an optical system whose magnification is such that it
projects this territory of the SLM to exactly cover the data hologram area. This means
that the 144×144 SLM pixel area is imaged to 630µm, so the 1 SLM pixel positional
precision required by the system to work in our case is 4.37µm. The mechanical po-
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Figure 3.9: This error function shows the difference between the calculated and the
measured shifts (Error), and the normalized Gaussian function (σ = 0.2902) fitted to
the error data. Ranges corresponding to individual SLM pixels on the modulator are
also shown.

Figure 3.10: The reconstructed hologram of the data page which was recorded using
phase code multiplexing to the same spot where the sync marks were written with a
shift sensitive code.
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sitional precision required by the servo to work depends on the positional phase code
which during my measurements was a chessboard like pattern where 1 tile consisted of
13×13 SLM pixels (see Fig. 3.6d). Thus the required mechanical positional precision
during my measurements was 56.8µm. During my experiments to verify this method
I used two approaches. First I shifted the hologram mechanically but the precision
of the used mechanical device was not sufficient to be able to measure sub-pixel sized
shifts. The method worked, and corrected the read-out image, but because of the
mechanical error it was difficult to evaluate the exact shift occurred and thus the performance of the system. To overcome the problem I fixed the position of the hologram
and shifted the phase code on the SLM. This means that there were no mechanical
positional errors during the measurements and thus the results in Fig. 3.9 are showing
only the performance of the electronic servo system. I would like to note that the
magnitude of the positional precision in µm are only given in this discussion to help
the reader understand the typical dimensions of my phase encoded holographic data
storage system, and they do not represent any limit of the servo system. With different optical elements, magnifications, phase code sizes, and other parameters one can
design a servo system with different parameters, based on the same principle discussed
above. Basically this system has the ability to ease the positional tolerance criteria of
the holographic material by one order of magnitude, and corrects the relative position
of the phase code in the reference beam and the hologram.

3.5

Summary

I demonstrated a method to measure and correct phase encoded hologram shifts. My
method has the unique feature to be able to correct the positional error simply by
shifting the phase code on the phase encoding SLM without any mechanical motion.
I use a phase code multiplexing technique to write separately the data carrying image
and a positional marker image to the same position of the material. My tracking
mechanism requires two read-outs. In the first readout we perform: 1.) reading out
the hologram containing the positional marker with the shift sensitive phase code, 2.)
calculating the magnitude and the direction of the occurred displacement from the
CCD image, 3.) compensating the displacement by placing the phase code to the
calculated position on the SLM. In the second read-out I use the phase encryption key
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in the calculated position to obtain the data. I proved the theory experimentally and
found that the method has approximately 92% chance to find the optimal position, and
that the probability to miss by more than one pixel is only 10−7 . My method offers
a solution for holographic systems capable of phase encryption to ease the mechanical
tolerances for the positioning of the holographic material, and thus makes it easier to
build several compatible systems.

Chapter 4
Introduction to phased array
antennas
In this chapter I shortly review the phased array antenna systems, mainly focusing on
the true time delay (TTD) principle as a possible method to create them. None of
the information disclosed in this chapter is my scientific result. This Chapter
deals with the theoretical aspects of TTD [1] whereas the practical aspects will be
detailed in Chapter 5.

4.1

Phased array antenna systems

Phased array antennas are usually composed of several discrete radiating elements
grouped into a 2D array [39]. The resulting electric field is the superposition of the
fields emitted by the radiating elements. By manipulating the phase of the signals
emitted from the single elements, several parameters of the resulting beam, such as
the form and direction, can be adjusted, thanks to the destructive or constructive
interference of the radiated beams. Figure 4.1 shows a sketch of the system. The
emitted signal goes through a phase retarder where the retardation is set according
to the required direction. These antenna systems are usually used as radar antennas,
radio telescopes, and as components of some medical systems. The main advantage of
these systems compared to conventional mechanically-steered radar antennas is their
speed and the lack of moving parts.
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Figure 4.1: Sketch of a phased array antenna. L is the length of the antenna, c is the
propagation speed of the wave, Λ is the wavelength, Θ is the propagation angle, τ is
the maximum time delay

4.2

True Time Delay principle

During a single sweep with a phased array radar antenna, the direction of the beam
is set with the phase retardation of the signal sent to a single antenna element. Using
the notations in Fig. 4.1, the direction of the radiation is
sin (Θ) =

c · φk
ω · yk

(4.1)

where Θ is the angle of the radiation, φk is the phase retardation used in the kth antenna
element, yk if the position of the kth antenna element, c is the propagation speed of
the emitted wave, and ω is its angular frequency. The drawback of this approach is
clearly visible: the radiation direction depends on the frequency of the signal, which
implies that using high bandwidth signals the frequency components of the signal will
be scattered into different directions. To avoid this, the phase retardation should also
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have a frequency dependency, so
φk (ω) = τk · ω,

(4.2)

where τk is the time delay used in the kth antenna element. Since
∂φ
,
∂ω

(4.3)

φk
sin (Θ) · yk
=
.
ω
c

(4.4)

τ=
the delay time needed for a sweep is
τk =

We have several options to create this time delay. One of them is to use a different
xk path length which the signal travels through before reaching the antenna element.
The phase velocity in the line in which the signal travels will be denoted by v. (As the
line, one can use a coaxial cable or a waveguide). Hence

∂ ωv · x
x
∂φ
=
= .
τ=
∂ω
∂ω
v

(4.5)

The required delay path length is
xk = v · τk =

v
· sin (Θ) · yk .
c

(4.6)

The maximum time delay needed is
τmax =

sin (Θmax ) · L
,
c

(4.7)

where L is the length of the antenna.

4.3

Optical implementation of the TTD principle

Optical realization of true time delay (TTD) of microwave waveforms is a highly referred and very interesting topic due to the related numerous application possibilities,
especially in phased array antenna systems. Numerous papers deal with the differ-
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ent forms of optically realized true time delay of different waveforms (mostly pulses).
It has been pointed out that optical realization of TTD has several advantages over
the purely microwave implementation: light weight, small size, considerably smaller
crosstalk and lack of leakage [11, 12]. Various different optoelectronic systems for
time delay have been elaborated based on different techniques. One of the main differences between them is the capability to generate continuous or discrete (stepped)
delays. One type of solution involves switching between delay sections of different
lengths [40, 41, 42, 43, 44, 45]. These techniques require multiple switching between
different path lengths, which is a source of loss and has limited speed. Acousto-optics
has also been used for switching [46]. Integrated optical realization using guided substrate waves is a special technique [47, 48] and may be combined with wavelength
multiplexing, which on the other hand can serve as standalone switching mechanism
in different architectures [49, 50, 51]. Their main disadvantage is the need for a high
power broadband, multi-wavelength or spectrally tunable light source. Arbitrary delay value possibilities have been reported using optical coherent transient techniques
in appropriate materials [52, 53], however the preprogramming needed for each delay
value severely limits the usefulness.

Chapter 5
True Time Delay line
5.1

Introduction

A new class of TTD devices makes use of the time shifting property of the Fourier
transformation, by differentially phase shifting the frequency components of the waveforms to be delayed [55, 56, 57, 58, 59, 60]. This method is based on the particular
properties of an acousto-optic modulator [58]. The acousto-optic modulator is used
to convert the waveform into the optical frequency domain and to spatially spread its
spectrum to allow separate processing of the spectral components. The architectures
differ basically in the realization method of their differential phase shifting. The phase
shifts in most of these systems are generated by the interception angle between the
reference and differently located signal beams in a heterodyne process [55, 56, 57, 58].
Drawbacks of these systems are that variation of the delay is achieved through sophisticated adjustment and involving moving parts (rotating mirrors). In some of the
earlier papers of the Department [58, 59, 60, 61] my colleagues presented a true-time
delay system based on acousto-optical deflector, involving different techniques to realize
the differential phase shift: interception angle variation, stepped mirrors, LCD SLM.
We tested several optical architectures along with the analysis of the main limitations
(bandwidth, losses, nonlinear distortions) and their origin. Our main goal is to realize
fast and continuously variable time shift in a range suitable for real applications. In
this Chapter I report the use of a specially designed electro-optical modulator to realize the differential phase shift. Its main advantage is that it allows really continuous
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change of the phase along the position in the modulator crystal. An SLM would realize
the phase function in discrete steps, and mostly provides also amplitude modulation
[61]. We realized variable true-time shift of pulses between -200 and +200 ns. We
intended to overcome the noise and instability problems arising from moving parts [57]
and to demonstrate a fully electronically adjustable variable delay operation. In its
present state the system is still a demonstrator operating at 70 MHz carrier frequency,
but the principle is realizable in the GHz frequency range at a suitable bandwidth. I
analyze in detail the operation of the electro-optic modulator as a phase shifter and its
implementation in the optical system. System performance is demonstrated through
experimental time shifting of 1µs long microwave pulses.

5.2

Theoretical background

Basis of the realized true-time delay principle is the frequency dependent phase shift
applied to the waveform. The time delay is simply expressed as:
τ=

δφ (ω)
δω

(5.1)

and is constant, when the phase shift changes linearly with the frequency:
φ (ω) = τ · ω + φ0

(5.2)

When microwave modulates an optical carrier, the frequency components of the microwave signal are superposed onto the optical center frequency, ω0 . The differential
phase shift is applied to optical beams resulting in a time shift expressed by:
τ=

δφ (ω + ω0 )
δω

(5.3)

that is directly expressed through the optical phase shift. To obtain the time shift
one only needs to appropriately shift the phases of the spectral components of the
modulating waveform. In the practical realization this can be done by a very dispersive
longitudinal delay element, or, as in my case, a spatially varied phase shift should be
applied to the transversally spatially dispersed spectrum. Eq. (5.3) hides the main
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advantage of the optical realization. System size needed for the realization of the same
delay is orders of magnitude smaller than in a pure microwave implementation. For
example, if τ = 1µs maximum true time delay is needed, it can be achieved with free
space propagation of l = c · τ = 300m maximal length. Compared to this, applying
the differential phase shift directly, ∆φ is approximated by τ · ∆f . For a signal having
1 GHz bandwidth, ∆φ = 1000 rad. Since ∆φ = 2π · l (ω) /λ, where l (ω) is the
microwave frequency dependent optical path realizing the frequency dependent phase,
using a carrier of 10 GHz, the maximum length is lmax = τ ·∆f ·λ = c·τ ·∆f /fc = 30m.
However, if the 1 GHz bandwidth signal is converted into optical region, superposed
to λ = 0.6µm for example, the 1µs true time delay can be achieved with path length
dispersion of maximal delay length of 60µm. This is because the absolute bandwidth
remains the same whereas the carrier frequency is 4-5 orders of magnitude higher. The
optical realization, particularly the use of the acousto-optic cell is the key feature in
this realization, since it allows the easy and instantaneous separation of the different
frequency components in the signal. The acousto-optic cell has two basic roles in the
implementation [58, 59]:
• Transforms the frequency spectrum of the temporal waveform into spatial spectrum of the optical beam.
• Conserves the full spectrum during the processing and the generated delay time.
This latter one is a result of the finite speed of propagation of the acoustic waveform
through the optical aperture. The processing time plus the realized time shift cannot
exceed the propagation time of the acoustic waveform through the optical aperture
minus the temporal length of the acoustic waveform. With other words the acoustooptic cell ensures that the full spectrum is present at the processing plane while the
processing and the delay itself are performed. During this time the acoustic waveform
is entirely within the illuminated optical aperture of the cell. The obtainable time shift
is thus limited by the aperture of the cell, but the apertures of the available cells do
not reduce the time shift limit below the practically useful range. For example, with
a common Bragg cell of 5 × 5mm aperture and acoustic wave velocity of 700m/s the
above determined limits are 5 − 6µs. As will be shown later other limitations are more
stringent, and I demonstrate in the present setup time shift of ±200ns. The performed
time shift of the pulse can be positive or negative respective to the nominally zero time
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position pulse. This is, because the time needed by the acoustic waveform (pulse in
most cases) to fill the optical aperture completely causes an inherent delay time, which
cannot be exceeded by the negative time shift caused by the differential time shift due
to the above aperture considerations. The acousto-optic phase transfer and the phase
shifts caused by the acousto-optic cell were studied in detail by Veress and Maak [62].
Physically the differential phase shift is realized on the spatially spread microwave
spectrum. Each frequency component is located at a different position in the processing plane, so a position dependent phase shift should be applied across the entire
optical beam. Since the position of the spectrum components is linearly varying with
the frequency, the position dependent phase shift must be also linear. A spatially variable phase shifter is positioned in the transversally chirped beam, which provides the
corresponding linear position dependence of the phase:
δφ
=
δω

δφ
δl
δω
δl

(5.4)

New feature of our present system is the realization method of a really continuous and
linear phase-position function. The electro-optic modulator used for this purpose has
been specially designed to perform electronically controllable space dependent phase
shift of optical beams. It consists of a LiNbO3 plate on which a series of electrodes
have been deposited. The orientation of the plate is as presented in Fig. 5.1. The
electric field E, applied perpendicular to the optical propagation direction, changes
the ordinary refractive index through the r13 electro-optic coefficient. The refractive
index changes with the electric field according to the formula [20]:
1
n (E) = n − rn3 E
2

(5.5)

The electric field applied to consecutive electrode stripes can vary linearly in order to
create a constant refractive index gradient along the y axis perpendicular to the optical
propagation direction. (x being the propagation direction and z being the optical axis
of the crystal.) By setting properly the ratio of the electrode stripes and the distance
between them a continuous field gradient can be obtained under the electrodes, despite
of the discrete nature of the driving voltages. Fig. 5.2 shows the simulation of the
transversal electric field distribution, when 6 electrodes are driven with consecutively
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Figure 5.1: Structure of the LiNBO3 electro-optic modulator

Figure 5.2: Field distribution along the y axis under 6 electrodes driven at voltages
between 0 and 200 V increasing with equal amount at consecutive electrodes
linearly increasing voltages. The ratio of the electrode width to the full period of
the structure is 4/5. When this ratio is increased, the field distribution converges
to the linear and continuous slope. Alternatively increasing the number of channels
has the same effect (the increase in channel number means decrease in channel width,
since the full lateral size must be the same). Both improvements can be achieved
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by a technology involving smaller line-width, which is more expensive. In fact the
undulation, as a deviation from linearity, as shown in Fig. 5.2, cannot be observed
in practice, at least under the given geometrical circumstances. As a general rule, a
more smooth function can be obtained by increasing the ratio between the channel size
and separation or by increasing the channel density. In practice our setup is a good
compromise, and the size/separation ratio of 4/5 ensures the practically unobservable
deviation from continuity and linearity. Higher deviation from the linearity may result
in distortions of the output pulse shape. We tested this effect during the modeling
and design process, the present configuration being a result of a comprehensive design.
The electrodes have been vacuum deposited after a photolithographic masking process.
Lift-off technique has been used. The sizes of the plate have been chosen to obtain
considerable phase shift even at modest voltages (the driver has been designed for 0-200
V for each channel.) The voltage dependent phase shift is expressed from Eq. (5.5) by
the formula:
V · L · r · n3
φ ≈ φ0 − π
(5.6)
d · λ0

where V is the voltage, L the crystal size in the propagation direction, n the refractive
index, d the crystal width along which the voltage is applied. The crystal sizes are
chosen so, that a maximum added phase shift of π/3 can be obtained with a maximum
voltage of 200V.

5.3

Experimental setup

The experimental setup containing an acousto-optic deflector and an electro-optic modulator as differential phase shifter is presented in Fig. 5.3. As pointed out in our department’s previous publications [59, 60, 61], the optical setup highly determines the
functionality of the system: possible time delay, bandwidth and overall transmission
losses. The presented one was suitable for demonstration purposes with satisfactory
transmission bandwidth and small pulse distortion. The beam of a He-Ne laser with
wavelength of 632.8 nm is split into a reference and a signal beam. The signal beam is
expanded to match the full aperture of the acousto-optic cell and to achieve the highest acousto-optic resolution. The shear acoustic wave crosses this aperture in about
T = 8µs, so the possible time shift of the pulse of length tpulse is τmax = T − tpulse . The
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Figure 5.3: Experimental Setup. BE: beam expander; AO: acousto-optic Bragg cell;
EOM: electro-optical modulator; PD: photodetector; BC: beam combiner; L1 , L2 :
lenses; M1 , M2 : mirrors.
T eO2 acousto-optic cell is driven at 70 MHz frequency, modulated with a pulse of controllable width between 0.01 − 100µs. The cell has a bandwidth of 45MHz between 52
and 97MHz, in which region the diffraction efficiency is over 50%. The deflection angle
varies linearly with the acoustic frequency with a slope of approximately 1 mrad/MHz.
The acousto-optic cell is located in the front focal plane of lens L1 . The diffracted
beams corresponding to the different acoustic frequency components are collimated,
because they conserve the spatial properties of the initial beam formed by the beam
expander, and propagate in different directions. Lens L1 performs two operations: 1.)
it makes the different beams to propagate along parallel axes 2.) focuses the particular beams into the electro-optic modulator. The beams carrying different spectral
components of the acoustic signal are focused into the back focal plane performing a
spatial Fourier transform. The focal spots corresponding to the different frequency
components (diffracted beams) are spatially separated in this plane, their separation
is a linear function of their propagation angle before lens L1 and thus of the diffracting
frequency. In this plane the electro-optical modulator (EOM) introduces the phase
delay depending on the transversal position of each particular spot. While at the same
time the transversal position is a linear function of the diffracting frequency component, the EOM introduces frequency dependent phase shift to the original waveform’s
spectrum. The spatial size of the spectrum and the size of the linear spatial refractive
index variation within the EOM must be matched. The size of the spectrum in the
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Fourier plane is adjusted by properly choosing the focal length of lens L1 , whereas the
size of the active region in the EOM is given by the number of channels used. In the
present setup I used only 5 stages between 0 and 200V. The maximum voltage was
limited by the driver. The obtained phase variation is enough for clearly observable
time delays, and even less would be needed for a common phased array application,
as will be shown later. The reference and the signal beams are mixed on the surface
of a 50% beam combiner, and focused onto the detector surface by lens L2 . Half of
the light power is lost, as usual in interferometric systems. The laser is selected to
provide enough light for clearly detectable pulses. The detector signal contains the
AC component of the heterodyne signal, which gives the output pulse. The detector
output is filtered with a band pass filter, amplified and visualized on an oscilloscope.

5.4

Experimental results

Figure 5.4: Pulse transmitted through the system (no path length dispersion)(trace D,
time scale: 1µs/div) and its spectrum (trace C, frequency scale: 2M Hz/div, power
scale: 25.5dBm/div)
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Fig. 5.4 shows the oscilloscope image with an output pulse and its Fast Fourier
Transform. The time scale is 1µ s/div, the frequency scale is 2 MHz/div and 70 MHz
corresponds to the midpoint. The power spectrum of the output pulse is presented
on a logarithmic scale with 25.5 dBm for one division. The FWHM bandwidth of
the pulse is about 0.8 MHz, corresponding to a relative bandwidth of 1.2% that was
suitable to demonstrate the time delay effect. Since the obtainable maximum phase
shift is limited in the EOM, the achievable time-delay is inversely proportional to
the processed bandwidth. The presented system configuration - optical system setup,
which determines the bandwidth and time-shift, is a tradeoff between the requirement
for true-waveform and clearly observable time shift. Higher fractional bandwidth of
about 10% can be obtained with more sophisticated optical setup, as described in [59].
In Figures 5.5 and 5.6 the temporal characteristics of the output pulse at different

Figure 5.5: Pulse transmitted through the system. Trace 1: pulse who suffered the
maximum time shift, its spectrum passed the EOM driven at maximum voltage slope
0 − 200V . Trace D: medium time shift of a pulse produced by driving the EOM with
a voltage slope of 0 − 100V . Trace C: reference pulse with nominally zero time shift
(the electro- optic modulator is not switched on).
EOM driving voltage slopes are presented. The different pulses are identified by the
name of the corresponding scope trace (on the right hand side the numbers are directly
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Figure 5.6: Pulse transmitted through the system. Trace 1: pulse passing the electrooptic modulator in off stage (the nominally zero time-shifted pulse). Trace 2: the
modulating pulse envelope, negated, serving as a reference edge. Trace D: pulse passing
the electro-optic modulator driven at medium slope 0 − 100V . Trace B: pulse passing
the electro-optic modulator driven at maximum voltage slope 0 − 200V .
marking the curve basis, on the left hand side the settings for the different curves are
given). The reference pulses (the nominally zero time shifted pulses) were registered
with the EOM switched off, whereas the time-shifted pulses were taken by applying
the control voltages to produce linear phase shift over the desired spectrum size. The
slope of the frequency dependent phase shift is determined by the lateral size of the
spectrum and the maximum voltage applied within this size. Maximum time delay
was achieved without considerable distortion of the signal, when significant portion of
the spectrum passed trough the EOM. This corresponds to a physical size of about
1.5mm. The obtained maximum time-delay of about 200ns (Fig.5.5, trace 1 and Fig.5.6
trace B) agrees well with the expectations (τ = ∆Φ/∆ω = 0.3π/ (2π · 0.75MHz) =
0.2µs). In Fig.(5.5) the linearity and continuous variation of the time shift is visualized.
Trace C contains the zero time shifted pulse, trace D the pulse shifted with the phase
variation of the EOM driven by the half of the maximum voltage slope, whereas trace
1 the pulse shifted with the EOM using the reachable maximum slope. The inherent
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time delay in the system transmission due to the acoustic transit time is visualized
in Fig. 5.6. Trace 2 gives the reference edge (the negation of the input modulating
envelope, which modulates the RF carrier) whereas trace 1 contains the output pulse
when no differential phase shift is applied (reference). The inherent delay, the temporal
distance between these pulses is of 6.5µs. The continuous time shift caused by the
differential phase compensation is superimposed onto this system delay. Traces D
and B give the time shifted pulses when spatially varying voltage is applied to the
electrodes.
The main strength of the method is that real continuously variable delay has been
achieved, since by discrete control voltage pattern continuous phase dispersion can be
realized. Time shift of the pulse is achieved by changing the phase dispersion that
means the control voltage slope across the EOM. This can be rapidly done (within
100ns) since the applied voltages are relatively low. The controlling program keeps
the voltage function linear during changing. Applying an inverted voltage slope causes
a negative shift relative to the reference pulse. This means that in fact ±200ns time
shifts relative to the inherent delay of the system can be obtained by extending the
voltage slope variation to negative values. The inherent time shift (coming mostly
from the AO modulator) is of 6.5µs in the present setup, so in fact by applying the
differential phase shift this delay can be varied between 6.3 and 6.7µs. A full 0 − 2π
phase shift range would require maximum voltage of 1200 V, which cannot be switched
rapidly without considerable noise. The required phase shift depends however on the
application and resizing the thickness of the EOM between the electrodes may also
improve performance (it is limited by the size of the optical aperture). For a phased
array antenna application, for example, the time delay τk should be applied between
the first and k-th antenna element:
τk =

dφk (ω)
yk
=
· sin (θ)
dω
c

(5.7)

where yk is the distance between the k-th element and the first element, c is the
velocity of the radiated electromagnetic wave and θ is the radiation angle respective
to the antenna normal. In the case of an array of length L = 10m, the number of
elements N = 100 for maximum deflection angle θmax = 60◦ , the delay needed between
two consecutive elements is τk = 0.29ns and τmax = 29ns between the first and the last
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elements. The demonstrated maximal ±200ns time shift result in shift of up to 400ns,
which is more than 10 times higher than the required maximum delay, making this
device suitable to be used in such applications. Limitation of the presented method
is that it is based on heterodyne detection, which requires an interferometric system.
The setup needs to be precisely and stably adjusted and it is sensitive to vibrations.
This may be a bandwidth limiting factor as well.

5.5

Conclusions

I demonstrated a system that is capable of really continuously variable time delay
using the frequency dependent phase shift method realized with an electro-optical
modulator. The presented experimental system is also using the particular features of
an acousto-optic deflector. The electro-optic modulator realizes frequency dependent
phase shift through space dependent phase shift applied to spatially dispersed spectrum
of the processed waveform. Continuous variation of the time-delay between −200ns
and 200ns of about 1µs long pulses has been demonstrated. The present instantaneous
bandwidth of the system was matched to the used optoelectronic elements, which is
a trade off between functionality and clear demonstration of the variable time delay.
The system architecture allows transformation to higher signal bandwidth and higher
carrier frequencies.

Summary
In recent years optics and optoelectronics became part of our lives. Optical end electronic applications have bound together in several applications, mostly in the field of
information technology. This dissertation contains my results in two of these fields, in
optical data storage, and in microwave signal delay lines.

New scientific results
1. I created a simple 4-f optical system capable of simultaneous phase and amplitude
modulation using a low-pass spatial filter and a phase-only SLM modulating on
a 0 − π range, and tested the system’s performance experimentally. I proved
that the designed system can achieve 1/4th of the resolution of the used Spatial
Light Modulator while modulating both amplitude and phase. I showed that the
designed system can efficiently substitute the phase mask in holographic data
storage systems.
2. I developed a method to measure and compensate for the hologram shift in phase
encrypted holographic data storage systems. I designed a phase modulation
pattern with which the system is capable of measuring the displacement of the
hologram, but it needs the recording of two holograms to the same area. I
experimentally proved that in azobenzene containing polymers it is possible to
write two holograms into the same area with the use of phase-code multiplexing.
I developed a data page pair which can be multiplexed into the hologram and
while they provide lateral shift sensitivity their data density equals the data pages
previously used. The advantage of my method compared to the mechanical servo
systems is that it corrects the position of the hologram electronically and this
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compensates for the increased positional precision in phase encrypted holographic
data storage systems.
3. I built an optical system which uses an acousto-optic modulator and an electrooptic modulator, specifically designed for this purpose, to create a frequency
dependent phase shift on the spectrum of the input signal, which will delay the
signal in time. The advantage of this method compared to the former ones is its
capability to fully continuously vary the time shift of the electric, microsecond
wide pulses in a ±200ns range.

Simultaneous phase and amplitude modulation of a laser beam
using a 4-f optical system
Holographic data storage can become the next step in the history of data storage.
Because of its relevance, holographic data storage has been performed through several
techniques. One of the most popular, which I used in my research, is capturing the
data as a Fourier-hologram. Such approach requires the object beam to be modulated
not only in amplitude, but also in phase. This way the intensity distribution of the
Fourier transformed data (which is recorded in the material) will be smooth enough
to fit into the dynamic range of the holographic material. Should we only modulate
the amplitude of the beam, the 2D Fourier transform would contain an intensity peak
at the 0 spatial frequency, which would be several magnitudes higher than the rest of
the information carrying spatial frequencies, and the holographic material is unable to
store such an intensity difference. In modern systems the amplitude modulation of the
object beam is achieved by an amplitude modulating spatial light modulator, and the
phase modulation is usually done by a phase mask. The drawback of the phase-mask,
next to its manufacturing difficulty, is its inability to change the phase modulating
pattern, since the phase mask is a passive optical element. Several researches were
aimed to develop a three state SLM that would simultaneously modulate the phase
and amplitude of the object beam. These achieved limited success and mostly worked
in a narrow wavelength band.
My solution for the problem is a 4-f optical system, using a phase-only SLM modulating on a 0 − π range and a low-pass spatial filter, which is capable of simultaneous
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amplitude and phase modulation. With this setup the use of phase-masks in holographic data storage systems can be avoided. This setup substitutes the amplitude
modulating SLM in holographic data storage systems; its purpose is simultaneously
modulating both the phase and the amplitude of the object beam, as well as modulating the phase of the reference beam. This method works on any wavelength where it is
possible to create at least a π phase retardation. I made a proof of concept experiment.
The results are detailed in Chapter 2 and were published in 2007 [6, 7].

Measurement and correction of hologram shift in phase encoded data storage systems
Holographic data storage systems are not only capable of high data densities, but also to
secure data storage, which becomes an increasingly important topic. One possible way
to achieve this is to include a phase modulating element in the reference beam path, and
use it to encode the data. For the widespread use of the optical system for encryption
purposes, the need of an active phase modulating element, a phase modulating SLM,
arises. During the operation of the system it is required that both the write-in and the
read-out reference beams, which contain the same phase-code, reach the hologram at
the same spot. Meeting this requirement in removable card systems is not easy, since
it requires µm mechanical precision. An advantage of holographic systems is hologram
multiplexing or, in other words, the possibility to write several holograms into the same
position. This method can be used to increase the key-length of the codes, which is
the most important parameter of the encryption.
I investigated the possibility of phase code multiplexing in phase encoded holographic data storage systems. The essence of this concept is to divide the object pages
into sub-pages, and then use different phase code for each sub-page during write-in.
During read-out only the sub-page corresponding to the read-out phase code will reconstruct. This method can be used to enhance the security of the phase code; moreover it
disturbs the direct connection between the phase code, and the dark border lines which
appear at the π phase differences of the phase code on the hologram. Using phase code
multiplexing, I developed a method that is capable to measure the positional shift of
holograms between write-in, and read-out with µm precision. Combining the method
with the idea of the optical servo developed on the Department of Atomic Physics, the
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positional shift of the hologram can be corrected real-time without repositioning the
optical elements or the hologram. The results are detailed in Chapter 3 and will be
published soon [10].

True time delay system
Phased array antenna systems are widely used both in military (radar antennas), and in
non-military (space exploration, wireless communications systems) applications. The
antenna system contains several smaller radiation elements. The beam forming and
steering is done by the time delay of signals approaching each element. The superposition of the signal of these radiating elements generates the emitted beam. Low
bandwidth is a limiting factor of these systems for electronic applications. However
the high bandwidth is guaranteed when using an optical delay line. Some optical systems create the delay by switching the path length of the signal. This approach is
advantageous from the bandwidth point of view, but only discrete time delay steps can
be obtained with it.
I built an optical True Time Delay line capable of continuously delaying microwave
pulses in a ±200ns range. The heterodyne optical system uses an acousto-optic modulator and a special electro-optic modulator developed for this purpose to achieve the
frequency dependent phase shift on the spectrum of the original waveform, which creates the time delay of the signal. The new feature of this system is its ability to perform
the time delay continuously. The results are detailed in Chapter 5 and were published
in 2004 [13].
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Összegzés
Korunkban az optika és optoelektronika szerves részévé váltak életünknek. Az optika
számos területen összefonódott az elektronikai alkalmazásokkal, legszembetűnőbben az
információ-technológia területén. Dolgozatom két ilyen területen, az adattárolásban és
a jelkésleltetésben elért eredményeimet foglalja össze.

Új tudományos eredmények
1. 0 − π tartományon fázismoduláló térbeli fénymodulátor (SLM) és egy alacsony
térfrekvenciás szűrő segı́tségével egyidejű fázis- és amplitúdómodulációra alkalmas, egyszerűen megvalósı́tható, 4-f optikai elrendezést gondoltam ki, valamint
a működését kı́sérletileg igazoltam. Megmutattam, hogy a tervezett rendszer
működésekor, az amplitúdó- és fázismoduláció esetében, a modulációhoz használt
térbeli fénymodulátor felbontásának negyede elérhető. Rámutattam, hogy az általam tervezett összeállı́tás hatékonyan váltja fel az irodalomban eddig legjobbnak tartott fázismaszkot használó elrendezést.
2. Fáziskódolt holografikus adattároló rendszerekben vizsgáltam a hologramok multiplexelésének lehetőségét, valamit a hologramok elmozdulásának meghatározására és ennek korrigálására alkalmas módszert fejlesztettem ki és ennek működését
kı́sérletileg igazoltam. Megterveztem egy a hologram elmozdulását jelző fázismodulációt, amely a működéséhez két hologram egyazon helyre történő rögzı́tését
igényli. Kı́sérletileg bebizonyı́tottam, hogy azobenzol oldalláncos polimerekben
fáziskódolt multiplexelés segı́tségével egyazon területre legalább két hologramot
lehetséges rögzı́teni. Az adat rögzı́téséhez kifejlesztettem egy olyan multiplexelt
adatoldalpárt amelynek adatsűrűsége, a mozgásérzékenység, mint pluszfunkció el78

lenére, megegyezik az eddig használt adatoldalakkal. A módszer előnye a megszokott
mechanikai szervókkal szemben, hogy teljesen elektronikusan képes a pozı́ciót
korrigálni egy adott tartományon belül, amely a fáziskódolt holográfia esetében,
a hagyományos holográfiához képest megnövekedett pozı́cionálási pontosságot
ellensúlyozza.
3. Megalkottam egy akuszto-optikai modulátort és egy speciálisan erre a célra fejlesztett elektro-optikai modulátort tartalmazó optikai rendszert, amely megvalósı́tja a késleltetendő jel spektrumának frekvenciafüggő fázistolását, ı́gy ez a
jel időbeli eltolódását eredményezi. A rendszer újdonsága, hogy mikroszekundumos elektromos impulzusok teljesen folytonos, analóg módon vezérelt időbeli
eltolására alkalmas ±200ns tartományban.

Lézernyaláb egyidejű fázis- és amplitúdómodulációja 4-f rendszer segı́tségével
A holografikus adattárolás sokak szerint a következő lépcsőt jelenti az optikai adatrögzı́tésben. A probléma a világon széles körben kutatott, és több megközelı́tése létezik.
Jelenleg az adatot Fourier-hologramként rögzı́tő rendszerek a legelterjedtebbek. Ezen
rendszerek közös jellemzője, hogy az adat tárolásához a tárgynyalábot nem csak amplitúdóban, hanem fázisban is modulálni kell, hogy az adat Fourier transzformáltja
(ami hologramként rögzı́tésre kerül) kellően kiterjedt legyen, ı́gy az egyenletesebb intenzitáseloszlás következtében a teljes információ a rögzı́tő anyag lineáris dinamikai
tartományába esik. Amennyiben kizárólag amplitúdóban modulálnánk, a kétdimenziós Fourier transzformált a 0 térfrekvencián egy olyan intenzitáscsúcsot tartalmazna,
amely az információt hordozó többi térfrekvencián levő intenzitásnál több nagyságrendel nagyobb, és a holografikus rögzı́tőanyag ekkora különbséget nem képes tárolni.
A modern rendszerekben a tárgynyaláb amplitúdómodulációját amplitúdót moduláló
térbeli fénymodulátorral (amplitude SLM) végzik, mı́g a fázismodulációra legtöbbször
fázismaszkot alkalmaznak. Nehézkes gyártása mellett a maszk hátránya, hogy a fázismoduláció nem változtatható, lévén a maszk egy passzı́v optikai elem. Sok kutatás
foglalkozott olyan háromállapotú SLM kifejlesztésével, amely egyszerre modulálná a
tárgynyaláb amplitúdóját és fázisát. Ezek a legjobb esetben is kompromisszumos
megoldások voltak, és csak szűk hullámhossztartományban működtek.
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Az általam kitalált rendszer egy 0 − π tartományon fázismoduláló térbeli fénymodulátor (phase SLM) és egy alacsony térfrekvenciás szűrő segı́tségével egyidejű fázis- és
amplitúdómodulációra alkalmas egyszerűen megvalósı́tható 4-f optikai elrendezés. Az
elrendezés segı́tségével kiküszöbölhető a holografikus adattároló rendszerekben a fázismaszk használata. Az elrendezés alkalmas a fáziskódolt holografikus rendszerben az
amplitúdó moduláló SLM-et kiváltani és egyszerre ellátni a tárgynyaláb amplitúdóés fázis-, valamint a referencianyaláb fázismodulációját. A módszer minden olyan
hullámhosszon működik, ahol fénymodulátor segı́tségével legalább π fázistolást meg
tudunk valósı́tani. Az elrendezés használhatóságát kı́sérletileg igazoltam. Az eredményeket a 2. fejezetben ismertetem, és 2007-ben publikáltam. [6, 7]

A fáziskódolt holografikus adattároló rendszer hologramjainak
elmozdulásmérése és korrekciója
A holografikus adattárolás nem csak nagy adatsűrűségre ad lehetőséget, hanem a napjainkban egyre fontosabbá váló biztonságos adattárolás is megoldható vele. Ennek
egyik módja, mikor a referencianyalábra merőlegesen egy fázismoduláló elemet iktatunk
be, és ezen alakı́tjuk ki a titkosı́tó kódot. A széleskörű alkalmazhatóság megkı́vánja,
hogy fázismodulációra aktı́v optikai elemet, egy fázismoduláló SLM-et alkalmazzunk.
A rendszer gyakolati megvalósı́tásához szükséges, hogy a kiolvasó referencianyaláb és
a beı́ró referencianyaláb ugyanazzal a fáziskóddal és térben ugyanott találkozzon a hologrammal. Az utóbbi megvalósı́tása egy cserélhető kártyás rendszerben nem egyszerű
feladat, lévén néhány µm-es pontosságról van szó. A holografikus rendszerek másik
előnye a multiplexelhetőség, vagyis hogy egyazon helyre több hologram is ı́rható. Ezt a
módszert fel lehet használni például a kód kulcshosszának növelésére, ami a titkosı́tás
fontos paramétere.
Megvizsgáltam a fáziskódolt holografikus rendszerekben a különböző fáziskódokkal
beı́rt hologramok multiplexelésének lehetőségét. Az elgondolás lényege, hogy az adattáblát részekre bontjuk, majd ezeket az altáblákat más-más fáziskóddal ı́rjuk be. Kiolvasásnál csak a megfelelő fáziskóddal kiolvasott adatrészlet rekonstruálódik. Ezzel az
eljárással növelhető a fáziskódolás biztonsága, valamint megszünteti a hologramon a
fáziskód π határainál kialakuló sötét határvonalak és a fáziskód közötti egy-egy értelmű
kapcsolatot. Az eljárást felhasználva olyan módszert terveztem, amely alkalmas a
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hologramok beı́rása és kiolvasása közötti esetleges elmozdulás meghatározására néhány
µm-es pontossággal. A módszert a tanszéken létrehozott optikai szervó ötletével kombináltam, ı́gy a hologram elmozdulás hatása olvasás közben, valós időben, az optikai
elemek és a hologram elmozdı́tása nélkül korrigálható. Az eredményeket a 3. fejezetben
ismertetem és 2010-ben publikáltam. [10]

Valósidejű jelkésleltető rendszer
A fázisvezérelt radar-antennarendszerek kiterjedten felhasználhatók mind katonai
(felderı́tés, követés) mind polgári (űrkutatás, térképészet, vezeték nélküli és műholdas
kommunikáció) alkalmazásokban. Az antennarendszer maga sok kisebb sugárzóból áll.
A vezérlést az egyes sugárzókra érkező jelek időbeli eltolásával oldják meg. Ezen jelek
szuperpozı́ciója adja az antennarendszer által kibocsátott nyalábot. Az elektronikus
alkalmazásoknál az alacsony sávszélesség korlátozza ezen antennák felhasználását, mı́g
optikai késleltető vonal esetén a nagy sávszélesség adott. Egyes optikai rendszerek
a jelek időbeli késleltetését a jel által megtett úthossz kapcsolgatásával érik el. Ez,
bár sávszélesség szempontjából megfelelő, csak diszkrét lépésekben teszi lehetővé a jel
időbeli eltolását.
Én olyan optikailag megvalósı́tott valósidejű jelkésleltető (True Time Delay) rendszert épı́tettem, amely mikrohullámú impulzusok folytonos időbeli késleltetésére alkalmas ±200ns tartományban. A heterodin optikai rendszer egy akuszto-optikai modulátor és egy speciálisan erre a célra fejlesztett elektro-optikai modulátor segı́tségével
valósı́tja meg a jel spektrumának frekvenciafüggő fázistolását (FDPC), ami a jel időbeli
eltolódását eredményezi. A rendszer újdonsága, hogy a jel időbeli késleltetését teljesen
folytonosan képes végezni. Az eredményeket a 5. fejezetben ismertetem, és 2004-ben
publikáltam. [13]
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[23] P. Várhegyi, Á. Kerekes, Sz. Sajti, F. Ujhelyi, P. Koppa, G. Szarvas, E. Lőrincz,
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[32] Attila Sütő, and Emőke Lőrincz, “Optimisation of data density in fourier holographic system using spatial filtering and sparse modulation coding,” Optik 115,
No. 12, 541–546 (2004).
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[61] P. Maak, J. Reményi, L. Jakab, P. Richter, I. Frigyes and I. Habermajer, “True
time acousto-optic delay line for short pulses based on optical path-length dispersion: experimental proof”, IEEE Int. Conf. on Phased Array Systems and
Technology, Dana Point, CA (2000)
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