We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



1. Introduction

9

Diffraction Property of
Collinear Holographic Storage System

Yeh-Wei Yu and Ching-Cherng Sun
National Central University
Taiwan

1.1 The collinear volume holographic storage system
The collinear storage system was proposed by Optware [1,2]. It is a coaxially aligned optical
structure for signal and reference beams, which are encoded simultaneously by the same
spatial light modulator (SLM) and the two beams interfere with each other in the recording
medium through a single objective lens. The system has been proven a capability of large
storage capacity, high transfer rate, short access time, and besides, it is compatible with
existing disc storage systems such as CDs and DVDs [3-4]. Recent report of the collinear
Volume holographic storage (VHS) has performed a storage density as high as 270
Gbits/inch? [5]. Many advantages are proposed, including uniform shift selectivity in both
radial and tangential directions, a fairly large wavelength shift and a fairly large tilt

tolerance [6].
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Fig. 1-1. The collinear holographic storage system proposed by Optware [2].
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200 Holograms — Recording Materials and Applications

The collinear storage system can be illustrated in Fig. 1-1. Two laser sources are requested in
the system, where a red laser is used for the position servor and the green or blue laser is
used for data writing and reading. In the writing process, the SLM is imaged on the front
focal plane of the objective lens. The central region of the SLM is used to modulate the
signal, and the surrounding region of the SLM is used to modulate the reference. After
passing through the objective lens, both signal and reference are focused on the reflecting
surface of the disk. The interference fringe caused by signal and reference are then recorded
by the disk. In the reading process, only the region of the reference beam on the SLM is turn
on. The reading beam is then imaged on the front focal plane of the objective lens through
the relay lens, and is focused on the reflecting plane of the disc by the objective lens. Then
the readout light is diffracted. The reading beams and the diffracted signal are reflected by
the reflective layer and re-image on the front focal plane of the objective lens. The
combination of quarter wave plate (QWP) and polarization beam splitter (PBS) functions as
an isolator, which routes the reflecting diffractive signal and reflecting reading beam to the
CMOS sensor. Since the element A blocks reading beams, only diffracted signal can be
imaged on the CMOS sensor.
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Fig. 1-2. The diagram of the structure of the disc.

The structure of the disc is shown in Fig. 1-2. The dichroic mirror layer reflects the green or
blue beam. The red beam propagates through the dichroic mirror layer, and reaches the
reflective layer on the substrate. Pits located on the reflective layer induce constructive or
destructive interference of the refelected beam. The reflected beam is routed to the
photodector, on which the lightness and the darkness can be decoded to do servo-
positioning. This system can be simplified as an equivalent model. The two lenses in Fig. 1-
3 stand for the objective lens in Fig. 1-2. The collinear system is generally a reflecting
architecture, which causes both transparent grating and reflective grating to exist inside the
holographic disk. Since the existence of reflective grating decreases the signal to noise ratio
(SNR) in the retrieved signal, many techniques are proposed to remove it [7-9]. Accordingly,
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Diffraction Property of Collinear Holographic Storage System 201

only the transparent grating needs to be considered. As shown in Fig. 1-3, the mirror on the
back surface of the holographic disk in Fig. 1-2 is replaced by a disc of double-thickness in a
modeled transmission algorithm. The two lenses form a 4f system: SLM locates at the front
focal plane of the first lens, the disc is located at the back focal plane of the first lens, and the
CCD is placed at the back focal plane of the second lens. Fig. 1-3(a) shows the effective
model of the writing process. The reference beams from the outer ring of the SLM and the
signal beams from the inner circle of the SLM are transformed to frequency domain by the
lens and then recorded by the lens. Fig. 1-3(b) shows the effective model of the reading
process. Only the light from outer ring can pass through as a reading beam, which is
transformed by the lens into frequency domain. Subsequently, the diffracted signal beam
and the un-diffracted reading beam are transformed together by the second lens into spatial
domain. The aperture blocks the un-diffracted reading beam and leaves only the diffracted
signal beam to image on the CCD.
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Fig. 1-3. The simplified model of the coaxial holographic storage system.

1.2 Basic theorem

1.2.1 Two models for the collinear system

In general, the analysis of the VHS system is based on the following two models. The
first is to calculate the point spread function (PSF) through Bragg mismatch [10,11]; the
second is to apply Fresnel transform to simulate the light field in the recording disc and
through Born’s approach or the method called “volume hologram being an integrator of
the lights emitted from elementary light sources” (VOHIL) to calculate the diffraction
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202 Holograms — Recording Materials and Applications

pattern on the CCD plane [12-15]. The procedures of the approaches are described in
detaisl from Refs. 10 to Refs.15. For sake of completeness, brief introductions are given
here.

For the first model, light from each pixel (i,j) on the SLM can be treated as a point light
source, it is transferred to a plane wave by the FT lens and is incident on the disk. Thus, the
wave vector k;; of the plane wave can be expressed as

,71/2

. 2 2 :
| 2mx xS (nz_ﬂj_zﬁ |27 11
A R M) A f A f ' -

where, (x;, y;) is the position of the pixel (i, j). The plane waves from the pixel of
information and reference pattern interfere with each other, and reference pattern
interfere with each other and is recorded by the media. In the reading process, plane
waves from the reference pixels are diffracted by all existing gratings. The diffracted
plane waves from the grating can be calculated by coupled mode theory. Considering
diffraction of a plane wave from a pixel (k’, I') by a grating Ky;j=kij-ki, which is written by
the interference between the waves from a data pixel (i, j) and a reference pixel (k,), the
Bragg mismatch is obtained as

) ) ,1/2
Ak, =(kk'1; +Kklijz)_[(”ko) _(k(k’+i—k),(l’+j—l)x) _(k(k’+i—k),(l’+j—l)y) } . (1-2)

Thus, the light intensity detected by the CCD is a summation of each pair of plane waves.
For the second model, in the writing process, the optical field in the recording disk can be
calculated by Fresnel transform

exp[jk(2f + Az)]
i

/A VA B N
U gigk (1,0, 42) = FFTZ{USLM(x'?/)eXP{—JM_z(" +y )]} (1-3)

where, FFT2 is the operator of Fast Fourier Transform in Matlab, which transfers (x, y) into
(u/M, v/ M), Uspym is the signal modulated by the SLM, x and y are the lateral coordinates of
the SLM, u and v are the lateral coordinates of the recording medium, A is the wave length,
f is the focal length of the lens, and Az is the distance deviated from the front focal plane of
the second FT lens, within the volume of the recording medium. The corresponding
intensity distribution is |Ugisk |2, thus generates an index variation proportional to the
intensity distribution. The phase distribution of the medium is then obtained from the index
variation.

In the reading process, the optical field of the reading beam can also be calculated by Fresnel
transform. The diffracting optical field is obtained by multiplying the recorded phase
distribution by the reading beam. Considering the short propagation distance insides the
disk, the diffractive optical field propagating to the front focal plane of the second FT lens is
calculated by angular spectrum technique
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Diffraction Property of Collinear Holographic Storage System 203

Uy (1,0,02) = FFT2{A(fu,fv,Az)expLAz-27z /;—z—fj -2 ]} / (1-4)

where, Uy is the diffractive optical field propagating to the front focal plane of the second FT
lens. A is the angular spectrum of the optical field. Therefor, light propagating through the
second FT lens and imaging on the CCD can be calculated directly by FFT method. By
repeating the above procedures for all layers and summing the calculation results, the final
diffractive optical field can be get. Due to the facility of computer calculation, the proposed
model can simulate light distribution at any position along the propagation path.

1.2.2 VOHIL theorem

Volume Hologram Being an Integrator of the Lights Emitted from Elementary Light Sources
(VOHIL) is a powerful model in calculating the relative diffracting ratio under weak coupling
condition [15]. It is used to simplify the optical model. Fig. 1-4 shows an example for
calculation by VOHIL theorem. In the writing proces, signal (Ei) and reference (E;) interfer
inside the recording media. The optical field of E; and E; are expressed

E, = A exp(j¢;), i=12, (1-5)
where A stands for amplitude and ¢ stands for phase. The interference fringe is
Zilaffea” ' *expl i 16
I =‘Al‘ +‘A2‘ +A1 Azexp[](¢2 —(,7)1)}+A1A2 exp[]((;)1 —¢2)J . (1-6)
Express the reading beam as
E = Ar exp(j¢3), (1-7)

which is used to probe the media. The diffracted light is

2 2 * . * .
D=(|A)[" +[a,)A, + A Ay A exp| (9, ~ 9, +3) [+ AA, A exp| (9~ 0, +93) . (1-8)

To detect the diffracted signal on the path of the signal, only the last term need to be
considered. So, the diffracting light from each position is

De< A Ay A exp[jg)l(xi)]exp[jAgb(xi)] ; (1-9)
where A¢(x;) stands for the phase difference at each position, and is
AO(x)) = 5(x)) ~ 0 (x,), (1-10)

the final diffracting light is the integration along the wave propagating direction and can be
expressed

t
De<[2,AA) A exp| j¢1)exp[ (2, —¢2)de, (1-11)
2
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Fig. 1-4. The diagram of VOHIL

where t is the thickness of the recording media along the wave propagating direction. If
#5(x) is equal tog,(x), the signal can be perfectly diffracted because of phase match

condition. If ¢(x) is not equal to ¢,(x) , the phase difference Ag(x) will be the function of x,

the diffractive intensity will be decreased because of phase mismatch. As long as the reading
beam is different from the reference in wavelength, incident angle, light source position or
other parameters, the diffractive light will be suppressed by phase mismatch. Therefore, Eq.
(1-11) can be used to calculate angular selectivity, shift selectivity, wavelength selectivity,
temperature tolerance and so on.

In the following paragraph, solutions of collinear system based on VOHIL model are
derived out, which clearly point out the physical concepts of the system. Thus, improvement
of the system can be proposed based on the physical concepts.

1.3 Point spread function of the system

For volume holographic storage system, both the storage capacity and transfer rate are
proportional to the capacity per page. Point spread function (PSF) of the system determines
how much data can be stored in one page. If the reference pattern is not well designed, point
spread function (PSF) of the collinear system blurs seriously, and thus limits the storage
capacity of the system. The radial line (RL) amplitude modulation in reference beam was
then proposed to improve the PSF [4]. Even so, 80% of energy is wasted due to the opaque
part in the reference region. The random binary phase (RBP) modulation is proposed to
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solve this problem, which is shown to improve the PSF without wasting energy in reference
modulation [16, 17]. In this section, a novel technique called lens array phase (LAP)
modulation is further proposed to improve the PSE.. Thus, the storage capacity and the data
transfer rate can be enhanced at the same time.

The effective optical model of collinear system is shown in Fig. 1-3. The optical field of the
reference (Ar), signal (As) and reading light (Ap) in the disc can be expressed

Ap (u,v,Az) = exp[jk(2f * Az)} 3 {UR (x,y)exp[—j:TA;(xz + y2 )” / (1-12)

jAf

_exp| jk(2f +Az)] Az (2 2 _
Ag(u,v,Az) = B S{Us(x,y)exp[—]ﬁ(x +y )Er (1-13)

jAf

where Ug, Us and Up is the optical field of the reference, signal and probing beams on the SLM,
respectively; x and y are the lateral coordinates of the SLM; u and v are the lateral coordinates
of the recording medium; 3 stands for Fourier transform which transfers (x, y) into (u/Af,
v/M); k is the wave vector of the light source; A is the wavelength; f is the focal length of the
lens, and Az is the distance deviated from the focal plane within the volume of the recording
medium. The interference of the signal beam and the reference beam can be expressed as

k(2f +A
Ap(u,v,Az)=exp[] ( Al Z)]S{Up(x,y)exp{—j%(xz+y2)]}, (1-14)

I=|Ag]” +|As] + AgAs” + AR Ag - (1-15)

In the reading process, reading beam A, is used to probe the hologram, and the diffraction
is described

D= A, |Ax +|As[" |+ A, Ax A5+ 4,28 A5 (1-16)

In the collinear volume holographic storage system, the dc term is blocked, and the
conjugation term is suppressed by deconstruction. So, only the last term need to be
considered. Therefore, the optical field diffracted from different layers at a specific depth in
the holographic disc is expressed as

S{UP (x,y)exp[jﬁ—;(xz +y2) }

exp| jk z *
U(u,v,Az)= p[] (2f+A )] 3 {UR(x,y)exp[—j%(x2+y2)” , - (1-17)

j/»i3f3
N /AVAN B ) v
S{Us(x,y)exp[]P(x +y )} y—)W

www.intechopen.com



206 Holograms — Recording Materials and Applications

The solution for the diffracted optical field in the CCD plane is

o 4]

exp(j T iTAZ
udet(g'n)zw [ expl%(fz +772)} ®{ ((: n)expl:]— +7 :l} dAz

(Af)* -1 |Af
oo

where ® stands for the convolution, { and n are the lateral coordinates on the CCD plane,
and T is the thickness of the disk. Considering that the probing beam is always the same as
the reference beam, and using a point source as the input signal, the PSF can be obtained by
calculating the diffracted field on the CCD plane.

(1-18)

xp(J T '

PSE(S,m) =%";‘” ] em{%(fz +772)]ACOR{UR(~*§,77)e><p[jA§(§2 +n?)lydaz,
(Af)" -1 LAf Af

(1-19)

where ACOR stands for the autocorrelation. Equation (1-19) shows that the
autocorrelation of the reference pattern times a defocusing phase term is dominant in the
PSF function.

Four different reference patterns are shown in Fig. 1-5. Eq. (1-19) is applied to simulate the
PSF based on the reference patterns, and autocorrelation theorem is used to speed up the
simulation [18]

ACOR{O(x,y)} = IFFT2{FFT2[ O(x,y) |[FFT2[ O * (-x,~y)]} (1-20)

where, FFT2 and IFFT2 is the operator of Fast Fourier Transform in Matlab and Inverse Fast
Fourier Transform in Matlab, respectively. In the calculation, the thickness is 0.6mm, the
wavelength is 532nm and the focal length is 5mm. In order to simplify the effect of the
refraction index diference between the air and the holographic disc, the effective focal length
is set as 7.5 mm instead of 5 mm, and the effective wavelength is 532 nm/1.5 instead of 532
nm The simulation result of the PSF for the corresponding reference patterns is shown in
Fig. 1-6, where A=532nm, T=0.6mm, pixel size is 13umx13pm, fill factor of each pixel is
71.6% and the size of the SLM is 4.4mmx4.4mm. The simulation results shows the PSF of the
horizontal-line reference pattern is much wider than that of the vertical-line reference
pattern along x direction. Similarly, the PSF of the vertical-line reference pattern is also
much wider than that of the horizontal-line reference pattern along y direction. Amoung
these reference patterns, the radial-line (RL) pattern proposed by Shimura et al. indeed
performs a narrower PSF. It is because the RL amplitude modulation avoids the Bragg
degeneracy from different pixels in the reference region.
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Fig. 1-5. Four different reference patterns. (a) the radial-line (RL), (b) the multi-ring, (c) the
horizontal lines and (d) the vertical lines [14].
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Fig. 1-6. Calculation of intensity of the PSF for the four different reference patterns in
Fig. 1-5 [14].

www.intechopen.com



208 Holograms — Recording Materials and Applications

auto-correlation
of focus point
0sl auto-correlation
el T T of phase variation
of alens
ab])
=
T 0B |
o
Iy
M
@
04t |
(=]
=
02F
U IJT\ : “
30 -10 0 10 2
H-axis ()

Fig. 1-7. A comparison of the simulation result of the autocorrelation of the phase just
behind the lens and at the focal point.

The physical concept described by Eq. (1-19) reveals that the path to achieve the narrowest
PSF is through the reference modulation with the narrowest autocorrelation width. Since the
autocorrelation of a point source is the sharpest, it looks like the best choice for reference
modulation. However, it is not a good policy in the view point of energy. So, a lens array
was proposed to approach the effect of point source. The phase modulation of a lens can be
described as

L(x,y)=exp| ~jm(x* +y?) / Af; |P(x,y) (1-21)

where P(x,y) is the lens pupil, f; is focal length of the lens. Fig. 1-7 shows a comparison of the
autocorrelation of the phase just behind the lens and at the focal point. In the simulation, the
focal length f; is 3.5 mm and the dimensions are 588.24pmx588.24pm. The two curves seem
to overlap with each other. Accordingly, lens array phase (LAP) modulation can work as
good as points array, and is expressed as

2 2
LAP(x,y)= i i exp _],ﬂ(x—sw) +y — o) }ect(x;usw}ect[y_tw} (1-22)

s=—N t=—N Af w

where w is the width of each single lens. Here, the role of the defocusing phase term inside
autocorrelation in Eq. (1-19) is ignored, because the phase variation of it is ignorable when
comparing with the lens array. Since the width of focus point is related to diffraction limit,
the lens array with a higher numeric aperture in each unit lens can provide a tighter PSF.

Figure 1-8 shows three kinds of reference modulation. Fig. 1-8 (a) is the RL modulation with
120 radjial lines, where the line width is equal to 13.68pm, Fig. 1-8 (b) is the RBP modulation
with pixel pitch equal to 13.68pm and Fig. 1-8 (c) is the LAP modulation with the focal
length and area of each single lens equal to 3.5mm and 588.24pmx588.24pm, respectivly.
The parameters are choosen with acceptable cut-off frequency and narrowest focus point.
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Fig. 1-8. Three kinds of reference modulation: (a) RL modulation; (b) RBP modulation; (c)

LAP modulation [19].
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Fig. 1-9. PSF for different reference patterns [19].
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©)

Fig. 1-10. Simulation result of signal detected by the CCD for (a) RL amplitude modulation,
(b) RBP modulation and (c) LAP modulation [19].

Fig. 1-9 is the simulation result of PSF based on Eq. (1-19). It shows that the LAP modulation
can tighten the PSF effectively. Fig. 1-10 is the simulated result of the diffracted signal
detected by the CCD. The simulation use Eq. (1-18). It shows that the LAP modulation
results in the clearest diffracted image with the best readout quality.

The signal to noise ratio (SNR) of the readout pattern is defined as

SNR = "= ""0) (1-23)

s
’ 2 2
0'1 +O-0

where 69 and o, are the standard deviations of signal 0 and signal 1, respectively ; mo and
m; are the mean values of signal 0 and signal 1, respectively. Eq. (1-23) is used to judge the
quality of the diffracted signal. Calculated SNRs for the reference beams with the RL, RBP
and LAP modulation are 2.3, 8.1 and 63.2, respectively. The lens array reference with short
focal length is shown much helpful in enhancing the SNR of the readout signal of a collinear
VHS.

1.4 Shift selectivity of the system

To keep increasing the storage capacity of the collinear VHS, calculation methods for the

diffraction property, such as point spread function and shifting selectivity, are highly

demanded. It is shown that point spread function is a key issue to calculate the storage

capacity of each stored page, and that shifting selectivity is related to the total number of

stored pages [20]. In this section, the physics concept of the shifting selectivity for a pixel

signal is introduced. Two models of shifting selectivity are proposed. One considering a

pixel signal, which is important for precisely describing the shift selectivity. Another model

is simplified by considering a point signal as the signal.

The simplified model is based on three assumptions:

1. The shift selectivity is the same for signal point at any position. Therefore, only the
center point in the SLM is turned on as signal.

2. In the reading process, the conjugating image point on the CCD plane is dominant. So,
only the diffracting intensity at this point is considered.

3. It has been shown that the shift selectivity is independent of the thickness of the disc
[21]. Thus, whatever the original thickness of the disk is, the thickness of the disc can
always be set as zero.
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The shift selectivity of the system is named as “point shift selectivity”. The schematic
diagram of the storage system for the theoretical model is shown in Fig. 1-3. In the writing
process, considering only the center point of the signal, the signal propagating to the disk is
a plane wave along z axis, and the grating is expressed

where Rg and S; is the optical field of reference and signal respectively in the medium of the
disc. Ur is the optical field of reference in the input plane. The operation 3{} denotes Fourier
transform. When the disk shifts, the grating can be expressed

G=S{UR}*®5(u—Au)5(v—Av), (1-25)

where (u,v) is the coordinate of the disk, Au and Av is the shifting of the disk in the u
direction and v direction respectively. When a probing beam is used to read the disk, the
diffracted light can be expressed

U= S{UP} u/(/lf)s{uR}* (u—Au)/(Af) * (1-26)
v/(4f) (0-20)/(Af)

where Up is the optical field of the probing beam in the input plane. Let the probing beam be
the same as the reference beam, the diffracted optical field at the conjugating image point on
the CCD plane can be expressed

U(Au,Av):ﬂS{LIP} u/(/lf)s{uR} (M_Au)/(ﬂf)exp{—iifj(uf+vn)}dudv

2
:S{‘UR‘ } A/ (Af)
Av / (4f)

where (§1) is the coordinate of the CCD plane. Thus, the diffracted intensity depending on
disk deviation can simply be expressed

I(Au,Av) = S{|UR|2} (1-28)

Au/(/lf)
Av/(lf)

Thus, the point shifting selectivity equals to square of Fourier transform of intensity
distribution of the reference pattern.
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Fig. 1-11 shows five different reference patterns. Fig. 1-11 (a) is a ring pattern with phase
modulation of exp[j2nicos(y/A)]. Fig. 1-11 (b) is a ring pattern with amplitude modulation of
cos(y/A). Where A/2m is the period of the cosine function and is equal to 273.6pum. Fig. 1-11
(c) is a ring pattern with random binary amplitude modulation, and the pixel size is
13.68pmx13.68pm. Fig. 1-11 (d) is random phase modulation in a ring pattern, where the
modulation pitch is 13.68pmx13.68pum. Fig. 1-11 (e) is a ring pattern without any modulation
inside. In the simulation, the wavelength is 408nm; the focal length of the objective lens is
4mm.

(a) exp(j2ricos(y/ A))

(d) random phase (e) no modulation

Fig. 1-11. The reference patterns used in the simulation [22].
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Fig. 1-12. The simulation result of the point shifting selectivity, based on Eq. (1-28), for a
point located at the center of the signal plane corresponding to the reference patterns in Fig.
1-11. The figures from left to right are followed with 2-D shifting selectivity, 2-D shifting
selectivity after thresholding and its enlarged pattern, 1-D shifting selectivity [22].
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Fig. 1-12 (a)~(e) show a simulation of point shifting selectivity corresponding to the reference
patterns shown in Fig. 1-11 (a)~(e). The simulation uses Eq. (1-28) and Fast Fourier Transform
in Matlab for fast calculation. Figures in the first columns are 2-D shift selectivity, where the
horizontal and vertical axes correspond to the shifting along Au and Av, respectively. The grey
level in each point represents the diffraction intensity (in log scale) collected by the
corresponding image point of the CCD. To emphasize cross-talk caused by the 2-D shifting
selectivity, a threshold value of 102 is used in the second column. Each white point stands for
the intensity larger than the threshold value, and black point stands for the intensity below the
value. Figures in the last column show the 1-D shift selectivity. It is shown that the point shift
selectivity shown in Fig. 1-12 (a), Fig. 1-12 (d) and Fig. 1-12 (e) are all the same. Obviously, the
point shift selectivity cannot tell the effect of the phase modulated reference patterns. Even so,
the simple relationship still provides a simple prediction rule for designing reference pattern.
For a precise calculation, a more complicated model should be adopted. The model named
“pixel shift selectivity” does not use the three assumptions in point shift selectivity. It
considers the response of one pixel to simulate the real condition. Inside the disk, the optical
field of the reference (Ag), signal (As) and reading light (Ap) have been described in Eq. (1-
12), Eq. (1-13) and Eq. (1-14). When the disk shifts, based on VOHIL model, the optical field
diffracted from specific layer at a depth (Az) can be expressed

exp| jk(2f +Az) Az
U(u—Au,v—Av,Az) = [ j/13f3 ]S{Up(x,y)exp[—]ﬁ(xz +y2)”x
* LTAZ (2 2
3 {uR(x,y)exp[—]U—z(x +y )E . (1-29)

S{US (x,y)exp[—jz;%(xz +y2)”

The optical field is thus propagating to the CCD plane and is integrated alongAz.

O(u—Au,v—Av)®

Uget (6777, Au,Av) =
exp(4jkf) = ’ _
W-L-LS sinc| 2T 52 (é:l i 5) +;72 (771 i 77) ﬂus(gl’nl)dgldnl
Af Af
Av
Af

where, T is the thickness of the recording media, (§, 1) is the coordinate on the output CCD
plane, (§; ,m1) is the coordinate on the input SLM plane, and (S, 1)2) is the parameter caused
by convolution. Considering a pixel in the center of the SLM as the signal and integrating
the intensity of the whole pixel in the center of the CCD, the pixel shift selectivity is
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I (Au, Av) =

pixel (

Up (& —Em, —U)UR*(fz +&1.1 + 1)

. (1-31)
.” ” 3 sincl -1 &G +E)+m(m+n) Au dgydm,| dédn
pixel | pixel 1 f2 Af
Av
Af

Eq. (1-31) shows that the shifting selectivity is nearly the autocorrelation of the Fourier
transform of the reference pattern, and is independent of thickness as long as (¢, 1)) is close
to (-1 ,-1m1). This condition can always be satisfied when the diffracting signal locates near
the conjugate image position. Thus, the broader reference pattern will cause narrower
Fourier transform pattern. Fig. 1-13 shows the 2-D pixel shifting selectivity. It is find the
first two patterns perform relative higher shifting selectivity in one direction. The reason
is the Fourier transform pattern of the reference pattern is narrower in the direction. For
the ring patterns in random phase or amplitude modulation, there seems no obvious
difference. Among all these patterns, the ring pattern without any modulation shows the
best shifting selectivity because the Fourier transform pattern of the last one is the
narrowest.

The simulation result in Fig. 1-13 shows that the reference pattern is important to the
shifting selectivity. But, as mentioned in Section 1.3, the reference pattern is also
important to the PSF. Fig. 1-14 shows the simulated 1-D PSF for the five patterns shown in
Fig. 1-11. Actually, to design an appropriate reference pattern to simultaneously obtain
narrower PSF and higher shifting selectivity is one of the most important issues in a
collinear system.

1.5 Summary

In this chapter, the collinear holographic storage system is studied. An effective model is
used to analyze the system. Based on Fresnel transform and the VOHIL model, paraxial
solutions to describe the diffraction characteristic of the collinear holographic system are
carried out. The solutions are used to figure out the the physics insight of the system. In Eq.
(1-19), it shows that the PSF is related to the auto-correlation function of the reference
pattern times a defocusing phase term. Accordingly, a lens array used as the reference is
introduced. From the simulated diffracted signal on the CCD plane, the SNR for LAP
modulation can be obtained as high as 63.2, which is much larger than 2.3 in RL reference
and 8.1 in RBP reference. Besides, the discussed physics concept is important in designing a
more effective VHS system when other system characteristics such like system tolerance are
taken into consideration.

Equation (1-28) based on a simplified model shows point shifting selectivity is related to
Fourier transform of intensity distribution of the reference pattern. It provides a simple
prediction rule for designing some reference patterns to improve the shift selectivity of the
system. The equation shows that the broader the reference pattern is, the higher shifting
selectivity we get. To obtain an accurate calculation, Eq. (1-31) is derived out without using the
three assumptions in point shift selectivity, and the result is called pixel shift selectivity. It
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Fig. 1-13. The simulation result of the shifting selectivity for a pixel located at the center of
the signal plane corresponding to the reference patterns in Fig. 11. The figures from left to
right are followed with 2-D shifting selectivity, 2-D shifting selectivity after thresholding
and its enlarged pattern, 1-D shifting selectivity [22].
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shows that the shifting selectivity is nearly an autocorrelation of the Fourier transform of the
reference pattern, and is independent of thickness of the recording medium when the
diffracting signal is located near the conjugate image position. The simulation results shows
both amplitude and phase modulation make no obvious change in shifting selectivity, so
shifting selectivity is not affected through advanced design of reference pattern. The
solution will be useful in the design of a reference pattern to perform high-quality readout
in the collinear holographic storage system.
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Fig. 1-14. The simulation result of the impulse response for a point located at the center of
the signal plane corresponding to the reference patterns in Fig. 11 [22].
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