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READING DEVICE

RELATED APPLICATIONS

This application claims priority to Taiwan Application
Serial Number 99110930, filed Apr. 8, 2010, which is herein
incorporated by reference.

BACKGROUND

1. Technical Field

The present disclosure relates to holographic data storage.
More particularly, the present disclosure relates to collinear
holography.

2. Description of Related Art

Holographic data storage is a potential replacement tech-
nology in the area of high-capacity data storage. Holographic
data storage research booms is occurred several times in the
past. However, holographic data storage is still a potential
replacement technology, not a commercial data storage solu-
tion.

Collinear holography is one possible holographic data stor-
age solution. In collinear holography, the signal beam and the
reference beam are collinear and are focused onto the disk by
the same lens. Traditionally, the signal beam located on the
center surrounded by the reference beam. Collinear hologra-
phy has a simple structure, a possibility of backwards-com-
patibility, a shorter optical path difference between the signal
beam and the reference beam, a lower requirement for the
coherence length of the laser beam, a better shift selectivity, a
larger wavelength tolerance, a larger medium tilt tolerance,
high-capacity data storage, and high speed. Therefore, col-
linear holography has become the mainstream holographic
data storage method.

However, the thermal deformation of the collinear holo-
graphic storage medium can change the transmission grat-
ings, the reflection gratings, and the refractive index of the
collinear holographic storage medium. As a result of the
thermal deformation of the collinear holographic storage
medium, the diffracted beam is weakened and has a poor
point spread function (PSF).

SUMMARY

According to one embodiment of the present invention, a
reading device includes a spatial light modulator (SLM), a
zoom lens set, an object lens, an image sensor, and an adjust-
ing module. The spatial light modulator (SLM) provides a
reading beam. The zoom lens set forms the reading beam into
a real image. The object lens focuses the real image onto a
collinear holographic storage medium and thus produces a
diffraction signal. The image sensor converts the diffraction
signal into an electric signal. The adjusting module adjusts
the optical magnification of the zoom lens set according to the
quality of the diffraction signal.

According to another embodiment of the present invention,
a reading device includes a spatial light modulator (SLM), a
zoom lens set, an object lens, a temperature sensor, and a
controller. The spatial light modulator (SLM) provides a
reading beani. The zoom lens set forms the reading beam into
a real image. The object lens focuses the real image onto a
collinear holographic storage medium. The temperature sen-
sor measures the temperature of the collinear holographic
storage medium. The controller selects the optical magnifi-
cation of the zoom lens set according to the temperature of the
collinear holographic storage medium.
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According to yet another embodiment of the present inven-
tion, a reading device includes a radial phase modulator, an
object lens, and an image sensor. The radial phase modulator
modulates a reading beam, such that the modulated reading
beam has a constant phase along each radial axis of the
reading beam. The object lens focuses the modulated reading
beam onto a collinear holographic storage medium and thus
produces a diffraction signal. The image sensor converts the
diffraction signal into an electric signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11s a sectional view of a collinear holographic storage
medium when the data is written according to one embodi-
ment of the present invention;

FIG. 2 is a schematic view of the transmission gratings of
FIG. 1 when the data is written;

FIG. 3 is a schematic view of the transmission gratings of
FIG. 1 when the data is read;

FIG.4is a schematic view ofthe reflection gratings of FIG.
1 when the data is written;

FIG. 5 is a schematic, view of the reflection gratings of
FIG. 1 when the data is read;

FIG. 6 is a schematic view of a reading device according to
one embodiment of the present invention;

FIG. 7 is a front view of the spatial light modulator (SLM)
of FIG. 6 when the servo signal is written;

FIGS. 8a-9c are schematic views of the servo signals
according to a plurality of embodiments of the present inven-
tion;

FIG. 10 is a flowchart representing a process for adjusting
the optical magnification of the zoom lens set according to
one embodiment of the present invention;

FIG. 11 is a flowchart representing a process for adjusting
the optical magnification of the zoom lens set according to
another embodiment of the present invention;

FIG. 12 is a schematic view of a reading device according
to another embodiment of the present invention;

FIG. 13 is a schematic view of the radial phase modulator
of FIG. 12;

FIG. 14 is a pictorial view of a radial phase modulator
according to one embodiment of the present invention.

DETAILED DESCRIPTION

In the following detailed description, for purposes of
explanation, numerous specific details are set forth in order to
provide a thorough understanding of the disclosed embodi-
ments. [t will be apparent, however, that one or more embodi-
ments may be practiced without these specific details. In other
instances, well-known structures and devices are schemati-
cally depicted in order to simplify the drawings.

FIG.11is a sectional view of a collinear holographic storage
medium 100 when the data is written according to one
embodiment of the present invention. As shown in FIG. 1, the
collinear holographic storage medium 100 includes a reflec-
tion layer 110 and a recording layer 120. The recording layer
120 is disposed above the reflection layer 110.

When the data is written, a spatial light modulator (SLM)
can be used to provide a signal beam 200 and a reference
beam 300. At least one lens 400 focuses the signal beam 200
and the reference beam 300 onto the reflection layer 110,
thereby creating an interference pattern in the recording layer
120.

As shown in FIG. 1, there are transmission gratings 500
and reflection gratings 600 in the recording layer 120 due to
the reflection layer 110. The transmission gratings 500
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includes the gratings created by the incident signal beam 210
and the incident reference beam 310 and the gratings created
by the reflected signal beam 220 and the reflected reference
beam 320. The reflection gratings 600 includes the gratings
created by the incident signal beam 210 and the reflected
reference beam 320 and the gratings created by the reflected
signal beam 220 and the incident reference beam 310. The is
transmission gratings 500 and the reflection gratings 600 have
different physical properties.

FIG. 2 is a schematic view of the transmission gratings 500
of FIG. 1 when the data is written. When the data is written,
the real image of the spatial light modulator (SLM) used to
modulate the signal beam 200 and the reference beam 300
locates at the front focal plane of the lens 400, wherein the
focal length of the lens 400 is f. The signal beam 200 and the
reference beam 300 are collinear. The lens 400 focuses the
signal beam 200 and the reference beam 300 onto the col-
linear holographic storage medium 100, thereby creating an
interference pattern in the collinear holographic storage
medium 100.

FIG. 3 is a schematic view of the transmission gratings 500
of FIG. 1 when the data is read. When the data is read, the real
image of the spatial light modulator (SLM) used to modulate
the reading beam 350 locates at the front focal plane of the
lens 400, wherein the optical field of the reading beam 350 is
substantially the same as the optical field of the reference
beam 300. The lens 400 focuses the reading beam 350 onto
the collinear holographic storage medium 100. Then, the
reading beam 350 diffracts on the interference pattern in the
collinear holographic storage medium 100. The lens 400
projects the diffracted beam 250 onto its front focal plane,
thereby forming a real image at its front focal plane. The
optical field of the diffracted beam 250 is substantially the
same as the optical field of the signal beam 200. An image
sensor can be used to detect the diffracted beam 250, thereby
reading the data recorded in the collinear holographic storage
medium 100.

FIG. 4 is a schematic view of the reflection gratings 600 of
FIG. 1 when is the data is written. The signal beam 200 and
the reference beam 300 are collinear but have opposite inci-
dent directions. The signal beam 200 and the reference beam
300 illuminate the collinear holographic storage medium 100
and thus create an interference pattern in the collinear holo-
graphic storage medium 100.

FIG. 5 is a schematic view of the reflection gratings 600 of
FIG. 1 when the data is read. When the data is read, the real
image of the spatial light modulator (SLM) used to modulate
the reading beam 350 locates at the front focal plane of the
lens 400, wherein the optical field of the reading beam 350 is
substantially the same as the optical field of the reference
beam 300. The lens 400 focuses the reading beam 350 onto
the collinear holographic storage medium 100. Then, the
reading beam 350 diffracts on the interference pattern in the
collinear holographic storage medium 100. The lens 400
reversely projects the diffracted beam 250 onto its front focal
plane, thereby forming a real image at its front focal plane.
The optical field of the diffracted beam 250 is substantially
the same as the optical field of the signal beam 200. An image
sensor can be used to detect the diffracted beam 250, thereby
reading the data recorded in the collinear holographic storage
medium 100.

The thermal deformation ofthe collinear holographic stor-
age medium 100 can change the transmission gratings 500,
the reflection gratings 600, and the refractive index of the
collinear holographic storage medium 100. As a result of the
thermal deformation of the collinear holographic storage
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medium 100, the diffracted beam 250 is weakened and has a
poor point spread function (PSF).

Many research groups believe that this problem can be
solved by a tunable laser and/or a new photopolymer with a
lower thermal expansion. However, the thermal deformation
of the collinear holographic storage medium 100 is still a
problem for collinear holography. Therefore, the operational
temperature range of a traditional collinear holography sys-
tem is limited.

The applicants establish a paraxial approximation solution
of the diffracted beam 250 produced by the collinear holo-
graphic storage medium 100.

Assuming that the defocus aberration due to the change of
the refractive index of the collinear holographic storage
medium 100 is compensated by the movement ofthe collinear
holographic storage medium 100, i.e. the collinear holo-
graphic storage medium 100 is moved according to the
change of the refractive index of the collinear holographic
storage medium 100 when the data is written and/or read,
such that the reflection layer 110 of the collinear holographic
storage medium 100 is located at the back focal plane of the
lens 400, the paraxial approximation solution of the diffracted
beam 250 produced by the collinear holographic storage
medium 100 is listed as follows:
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where

(1) the refractive index of the recording layer 120 after the
change of temperature becomes M, times that before the
change of temperature, the focal length of the lens 400 after
the change of temperature becomes f/M_ times that before the
change of temperature, and then M;=1/ M, (paraxial approxi-
mation);

(2) M, A is the wavelength of light in the recording layer
120, M, A is the wavelength of the reading beam 350, and then
M, =M, /M, ;

(3) /M, 1/M,, and 1/M, are the thermal deformation rates
of the gratings (including the transmission gratings 500 and
the reflection gratings 600) on the X, y, z axes respectively,
Gy(u, v, Az) is the gratings before the change of temperature,
and then G,(M,u,M,v,M,Az) is the gratings after the change
of temperature;
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(4) X 1s the wavelength of light;

(5) k 1s the wave number of light;

(6) fis the focal length of the lens 400;

(7) AZ is the distance between the center of the collinear
holographic storage medium 100 and the back focal plane of
the lens 400;

(8) v and v are lateral coordinates of the collinear holo-
graphic storage medium 100;

M U,, U,, and U, are the optical fields of the signal beam

5

200, the reference beam 300, and the reading beam 350 at the 10

front focal plane of the lens 400 respectively; and
(10) L is twice the thickness of the collinear holographic
storage medium 100.

The paraxial approximation solution of the diffracted beam |

250 seems complex but represents a clear physical meaning.
This physical meaning is specified as followings:

] (1
n

is the optical field of the diffracted beam 250 after the change
oftemperature. The optical field of the diffracted beam 250 on
the & axis after the change of temperature is

MM, MM,
M; £ M;

U CCD[

MM,
My

times that before the change of temperature. The optical field
of the diffracted beam 250 on the 1| axis after the change of
temperature is

MM,
M

times that before the change of temperature.
(2) Consider the term:

M, M,

MM ,
[Up( Mf*(é—‘z -8, M (m —n)]o;(grz R |

at the Gaussian image point (Em)=E, m ), it

M. My

M, My ]
My ’

Uiig,m = Up( g, M—fn

then the optical field of the diffracted beam 250 will be
substantially the same as the optical field of the signal beam
200.

Moreover,
! ! 1 AT
— =— =14+
M, "M, Al
1 1
— = — =1 +@,AT,
Mf A

where o is the linear thermal expansion coefficient of the
recording layer 120, a,, is the temperature coefficient of the
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refractive index of the recording layer 120, and AT is the
temperature difference of the collinear holographic storage
media 100 between reading and writing.

Therefore, if the optical magnification of the reading beam
250 is 1+0 AT times the optical magnification of the refer-
ence beam 300, the equation

MXM/\

U = Up(M—ffa

M, M,
My

can be satisfied.
The following description will provide a solution to the

5 thermal deformation problem according to the paraxial

approximation solution of the diffracted beam 250 produced
by the collinear holographic storage medium 100.

FIG. 6 is a schematic view of a reading device according to
one embodiment of the present invention. The reading device
includes a spatial light modulator (SLM) 710, a zoom lens set
720, an objectlens 730, an image sensor 740, and an adjusting
module 750. The spatial light modulator (SLM) 710 provides
a reading beam. The zoom lens set 720 forms the reading
beam into a real image. The object lens 730 focuses the real
image onto a collinear holographic storage medium 100 and
thus produces a diffraction signal. The image sensor 740
converts the diffraction signal into an electric signal. The is
adjusting module 750 adjusts the optical magnification of the
zoom lens set 720 according to the quality of the diffraction
signal.

In order to determine the quality of the diffraction signal, in
one or more embodiments, the reading device may further
include a writing device. The writing device can write a servo
signal in the center of the collinear holographic storage
medium 100. In this embodiment, the image sensor 740 can
convert the diffraction signal produced by the servo signal
into the electric signal. The adjusting module 750 can adjust
the optical magnification of the zoom lens set 720 only
according to the quality of the diffraction signal produced by
the servo signal.

In one or more embodiments, the writing device is the
spatial light modulator (SLM) 710. The structural and func-
tional details of the writing device can be found in FIGS. 1, 2,
and 4 and the related specification text and are not repeated
hereinafter.

FIG. 7 is a front view of the spatial light modulator (SLM)
710 of FIG. 6 when the servo signal is written. The servo
signal 800 is located in the center of the signal data page 712.
This is because the surround area of the signal data page 712
differs significantly from what the signal data page 712 would
look like with a normal focal length when the zoom lens set
720 zooms in or zooms out. On the other hands, the center
area of the signal data page 712 does not change significantly
when the zoom lens set 720 zooms in or zooms out.

Accordingly, in the follow-up adjustment, the adjusting
module 750 can adjust the optical magnification of the zoom
lens set 720 only according to the quality of the center area of
the diffraction servo signal. In this way, the change of the
signal data page 712 will not interfere with the adjustment
when the zoom lens set 720 zooms in or zooms out.

FIGS. 8a-9¢ are schematic views of the servo signals 800
according to a plurality of embodiments of the present inven-
tion. In one or more embodiments, the servo signal 800 (2x2)
may be as shown in FIG. 8a or 9a. In one or more embodi-
ments, in order to eliminate interference in the servo signal
800, the surrounding area of the servo signal 800 (4x4) may
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be all dark (as shown in FIG. 85 or 95). In one or more
embodiments, the servo signal 800 (4x4) may be as shown in
FIG. 8¢ or 9c.

Itis appreciated that many other signals may beused as the
servo signal 800, for instance, the servo signal 800 shown in
any one of FIGS. 8a-9¢ may be rotated in an angle, e.g. 90° or
180", around its own axis.

Specifically, the foregoing adjustment can be regarded as
an optimization problem, wherein the cost function of the
optimization problem is the quality of the diffraction signal,
and the optimal solution is the optical magnification of the
zoom lens set 720 which can maximize the quality of the
diffraction signal.

The term “the quality of the diffraction signal” means the
contrast of the diffraction signal, the signal-to-noise ratio of
the diffraction signal, or combinations thereof.

FIG. 10 is a flowchart representing a process for adjusting
the optical is magnification of the zoom lens set 720 accord-
ing to one embodiment of the present invention. First, the
optical magnification of the zoom lens set 720 is sequentially
increased. When the optical magnification of the zoom lens
set 720 is 1.00, the contrast and/or the signal-to-noise ratio of
the diffraction signal is a(0) (step 910). When the optical
magnification of the zoom lens set 720 is 1.01, the contrast
and/or the signal-to-noise ratio of the diffraction signal is a(1)
(step 920). If c(1)=a(1)-a(0)=0(step 930), then the optical
magnification of the zoom lens set 720 is sequentially
increased until c(i)=a(i)-a(i-1)<0(step 970). For example,
when the optical magnification of the zoom lens set 720 is
1.02, the contrast and/or the signal-to-noise ratio of the dif-
fraction signal is a(2) (step 940). If c(2)=a(2)-a(1)<0 (step
950), then the optimal optical magnification of the zoom lens
set 720 is 1.01 (step 960). On the other hands, if c(2)=a(2)-
a(1) =0 (step 950), then the optical magnification ofthe zoom
lens set 720 is sequentially increased until c(i)=a(i)-a(i-1)<0
(step 970).

Ife(1)=a(1)-a(0)<0 (step 930), then the optical magnifica-
tion of the zoom lens set 720 is sequentially decreased until
c(i)a(i)-a(i-1)<0(step 970).

Return to FIG. 6. In order to increase the reading speed, the
reading device may further include a temperature sensor 770
and a controller 780. In use, the temperature sensor 770 can
measure the temperature of the collinear holographic storage
medium 100. The controller 780 can select the optical mag-
nification of the zoom lens set 720 according to the tempera-
ture of the collinear holographic storage medium 100. In one
or more embodiments, the controller 780 can initially select
the optical magnification of the zoom lens set 720 to be:

Q=1+, AT

where Q is the optical magnification of the zoom lens set 720
initially selected by the controller 780, ., is the lateral linear
thermal expansion coefficient of the recording layer, and AT
is the temperature difference of the collinear holographic
storage media 100 between reading and writing.

Then, the adjusting module 750 can adjust the optical
magnification of the zoom lens set 720 according to the qual-
ity of the diffraction signal. FIG. 11 is a flowchart represent-
ing a process for adjusting the optical magnification of the
zoom lens set 720 according to another embodiment of the
present invention. The difference between FIGS. 10 and 11 is
that the initial guess of the optical magnification of the zoom
lens set 720 of FIG. 10 is 1.00, and the initial guess of the
optical magnification of the zoom lens set 720 of FIG. 111s €2.
The other steps are substantially the same and are not repeated
hereinafter.
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It is appreciated that the optical magnification of the zoom
lens set 720 can be determined by the controller 780 only, 1.e.
without being optimized by the adjusting module 750. In this
way, the optical magnification of the zoom lens set 720 is Q.

In order to compensate the defocus aberration due to the
change of the refractive index of the collinear holographic
storage medium 100, in one or more embodiments, the read-
ing device may further include a moving mechanism 760.

In use, the moving mechanism 760 can move the collinear
holographic storage medium 100, such that the reflection
layer of the collinear holographic storage medium 100 is
located at the back focal plane of the object lens 730. The
moving mechanism 760 can be a linear slide system, a lead-
screw system, or is other moving mechanisms.

In one or more embodiments, the zoom lens set 720 is a
parfocal lens. The parfocal lens can stay in focus when mag-
nification/focal length is changed.

Furthermore, the reading device may let the reading beam
have a constant phase along each radial axis of the reading
beam. In this way, although the reading beamn may be ther-
mally deformed, the optical field of the reading beam is
remained and satisfies:

M My

IWyM/\
My '

Udé.m = Up( T

£,

FIG. 12 is a schematic view of a reading device according
to another embodiment of the present invention. The reading
device includes a radial phase modulator 725, an object lens
730, and an image sensor 740. In use, the radial phase modu-
lator 725 can modulate a reading beam, such that the modu-
lated reading beam has a constant phase along each radial axis
of the reading beam. The object lens 730 can focus the modu-
lated reading beam onto a collinear holographic storage
medium 100 and thus produce a diffraction signal. The image
sensor 740 can convert the diffraction signal into an electric
signal.

FIG. 13 is a schematic view of the radial phase modulator
725 of FIG. 12. The radial phase modulator 725 has a plurality
of 0 modulators 724 and a plurality of @ modulators 726. The
0 modulators 724 and the © modulators 726 are randomly
arranged. In FIG. 13, the regions with screentone patterns
represent the m modulators 726, and the regions without
screentone patterns represent the 0 modulators 724. In one or
more embodiments, the radial phase modulator 725 has one
hundred and twenty 0/ modulators 724/726. Every thirteen
0/m modulators 724/726 form a cycle. The 0/n modulators
724/726 in a cycle are arranged in the order of the 0 modulator
724, the 0 modulator 724, the © modulator 726, the T modu-
lator 726, the 0 modulator 724, the © modulator 726, the 0
modulator 724, the w modulator 726, the 0 modulator 724, the
7 modulator 726, the 0 modulator 724, the © modulator 726,
and the  modulator 726.

In one or more embodiments, the radial phase modulator
725 includes a radial lens array (as shown in FIG. 14). The
radial lens array has one hundred and twenty cylindrical
lenses. The focal length of each cylindrical lens is about 1.8
mm.

Itis appreciated that many other devices may be used as the
radial phase modulator 725, for instance, a spatial light modu-
lator (SLM) or a phase mask may be substituted for the radial
lens array as the radial phase modulator 725.

Similarly, in order to compensate the defocus aberration
due to the change of the refractive index of the collinear
holographic storage medium 100, in one or more embodi-
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ments, the reading device may further include a moving
mechanism 760. In use, the moving mechanism 760 can move
the collinear holographic storage medium 100, such that the
reflection layer of the collinear holographic storage medium
100 is located at the back focal plane of the object lens 730.
The moving mechanism 760 can be a linear slide system, a
leadscrew systen, or other moving mechanisms.

All the features disclosed in this specification (including
any accompanying claims, abstract, and drawings) may be
replaced by alternative features serving the same, equivalent
or similar purpose, unless expressly stated otherwise. Thus,
unless expressly stated otherwise, each feature disclosed is
one example only of a generic series of equivalent or similar
features.

Any element in a claim that does not explicitly state
“means for” performing a specified function, or “step for”
performing a specific function, is not to be interpreted as a
“means” or “step” clause as specified in 35 U.S.C. §112, 6th
paragraph. In particular, the use of “step of” in the claims is
not intended to invoke the provisions of 35 U.S.C. §112, 6th
paragraph.

What is claimed is:

1. A reading device comprising:

a spatial light modulator (SLM) for providing a reading

beam;

a zoom lens set for forming the reading beam into a real

image;

an object lens for focusing the real image onto a collinear

holographic storage medium and thus producing a dif-
fraction signal;

animage sensor for converting the diffraction signal into an

electric signal; and

an adjusting module for adjusting the optical magnification

of the zoom lens set according to the quality of the
diffraction signal.

2. The reading device of claim 1, further comprising:

amoving mechanism for moving the collinear holographic

storage medium, such that a reflection layer of the col-
linear holographic storage medium is located at the back
focal plane of the object lens.

3. The reading device of claim 1, wherein the zoom lens set
is a parfocal lens.

4. A reading device comprising:

a spatial light modulator (SLM) for providing a reading

beam;
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a zoom lens set for forming the reading beam into a real
image;

an object lens for focusing the real image onto a collinear
holographic storage medium;

a temperature sensor for measuring the temperature of the
collinear holographic storage medium; and

a controller for selecting the optical magnification of the
zoom lens set according to the temperature of the col-
linear holographic storage medium.

5. The reading device of claim 4, further comprising:

a writing device for writing a servo signal in the center of
the collinear holographic storage medium;

an image sensor for converting a diffraction signal pro-
duced by the servo signal into an electric signal; and

an adjusting module for adjusting the optical magnification
of the zoom lens set according to the quality of the
diffraction signal.

6. The reading device of claim 4, further comprising:

amoving mechanism for moving the collinear holographic
storage medium, such that a reflection layer of the col-
linear holographic storage medium is located at the back
focal plane of the object lens.

7. The reading device of claim 4, wherein the zoom lens set

is a parfocal lens.

8. A reading device comprising:

a radial phase modulator for modulating a reading beam,
such that the modulated reading beam has a constant
phase along each radial axis of the reading beam;

an object lens for focusing the modulated reading beam
onto a collinear holographic storage medium and thus
producing a diffraction signal;

animage sensor for converting the diffraction signal into an
electric signal.

9. The reading device of claim 8, wherein the radial phase
modulator comprises a plurality of 0 modulators and a plu-
rality of @ modulators randomly arranged.

10. The reading device of claim 8, wherein the radial phase
modulator comprises a radial lens array.

11. The reading device of claim 8, wherein the radial phase
modulator comprises a spatial light modulator (SLM).

12. The reading device of claim 8, wherein the radial phase
modulator comprises a phase mask.
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