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Abstract. We have developed a holographic data storage system using angular-multiplexing
recording that has a large capacity of 2 TB and a data transfer rate of 1 Gbit/s. To read a holo-
gram recorded on a holographic disc at high speed, it is necessary to control the relative position
shift between a hologram recorded on a disc and a readout optical system. However, in angular-
multiplexing data storage systems, the optical system has no moving mechanism, unlike conven-
tional optical discs such as Blu-ray Discs™. Therefore, it is difficult to control the disc position
with high precision and to reduce the settling time of the positioning because the holographic
disc has no physical structure for the position control mechanism to control the relative position
shift. In the systems, a disc mounted on a disc stage is moved to a position where the signal-to-
noise ratio of the reproduced hologram becomes the maximum value. Hence, we present a servo
control system based on a shift of the Nyquist aperture using a real-time position error signal to
control the disc position. In experiments, a positioning accuracy of =15 ym and a settling time of
8.5 ms for our angular-multiplexing data storage system using a nonlinear parabolic focus posi-
tion error signal have been observed. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.59.3.035105]
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1 Introduction

The continuing exponential growth in the total amount of worldwide archival data is sometimes
referred to as an information explosion. It is expected that the total data size in 2020 will be
44 7ZB." A promising approach to ecofriendly archival storage is the use of optical discs due to
their large capacity, low running cost, and longevity. However, while their capacity can be
readily expanded by increasing the number of recording layers,”™ the groove structure needed
for tracking control increases the disc fabrication cost.’ Thus, using a multilayer optical disc
increases the cost. One solution to this problem is to use a separate guide layer with a groove
structure and multiple recording layers without a groove structure.®® This simple disc structure
reduces the disc fabrication cost because the process of forming a groove structure on the record-
ing layers is eliminated. However, the practical data transfer rate is thought to be around mega-
bits per second’ because recorded data are accessed sequentially (bit-by-bit).

Another solution is to use holographic memory, which has a fast transfer rate in the gigabit-
per-second class and a large disc capacity in the terabyte class.'>"* It is regarded as one of the
most promising candidates for the next generation of optical discs. In the memory, a few mega-
pixels of two-dimensional data, called a page, are recorded in one exposure. A page is recorded
in an interference pattern between a signal beam and a reference beam as a hologram in photo-
sensitive materials, and hundreds of pages can be multiplexed at a single location with angular-
multiplexing'*'® or shift-multiplexing (coaxial holography).'**' In holographic data storage
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systems (HDSS), we think that the use of angular multiplexing is more effective than shift multi-
plexing in terms of volume use efficiency because it enables effective utilization of a thick disc,
thus achieving a higher recording density.?*™>

We have been developing an angular multiplexing HDSS. Tables 1 and 2 list the system
specifications required for a 2-TB disc capacity and a 1-Gbit/s data transfer rate based on the
results of our research, simulated and experimental results, respectively.z(’ In Table 2, the access
times between pages and between books (clusters of hundreds of pages, in our case, one book
consists of 440 pages) are determined by the mechanical moving time of a galvanometer and
settling time of the stepwise movement of a spindle motor in stop-and-go sequences.

To realize an HDSS that satisfies these specifications, it was necessary to develop fast and
precise positioning control mechanisms. For example, during the recording process, a book is
recorded by angular multiplexing in a single volume. Each multiplexed data page can be
reproduced by changing the incident angle of a reference beam by a galvanometer in order to
maximize the signal-to-noise ratio (SNR) of a target hologram during the reproduction
process, where SNR expresses the reproduction quality of a reproduced hologram (hereafter
called a target hologram). Therefore, we developed a high-speed reference beam angle control
mechanism in order to access a reproduced data page quickly and precisely.”’ As a result,
we demonstrated multiple sequential moving control processes between each page within
300 us/page with less than +3.0 mdeg in an actual experimental system.

Table 1 System specifications for 2-TB disc capacity.

Disc capacity B 2
Disc recordable area mm? 11,464
Disc diameter mm 135
Disc usage efficiency % 0.88

Recording density Thit/in.? 24
Page capacity Mbit 2.7
Multiplexed page numbers — 440
Book size mm? 0.32

Code rate — 0.44

Table 2 System specifications for 1-Gbit/s transfer rate in reproduction.

Transfer rate in reproduction Gbit/s 1
Disc capacity B 2
Total data reproduction time min 186
Book number per disc — 31,693
Access time between books ms 22
Multiplexed page numbers — 440
Exposure time ms 0.3
Access time between pages ms 0.3
Adjustment time min 81
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To realize fast access times between books, it is necessary to control the relative position shift
between a target hologram and an optical system (hereafter called an optical unit) of the HDSS.
A solution to control the relative position shift is to use a separate guide layer with a groove
structure, which is necessary for the position control mechanism’ that is independent of the
recording layer without a groove structure.”® However, a signal beam and a reference beam
reflect diffusely with the groove structure, and the scattered beam becomes noise when a holo-
gram is recorded. As a result, the SNR of the target hologram decreases. Hence, we have devel-
oped a new disc-positioning mechanism without having a special layer with the groove structure.
This new disc positioning is performed by controlling the position of a Nyquist aperture (NyA)
mounted on a triaxial actuator based on real-time triaxial position error signals (PESs). The PESs
are direct signals obtained from a target hologram. The position shift of the NyA is controlled
along the focal, tangential, and radial axes based on each PES using the triaxial actuator. The
PESs express the triaxial residual error of the reference beam from the target hologram. One of
the triaxial PESs, the PES of the focal axis, is a nonlinear parabolic function. In addition, in order
to achieve a 1-Gbit/s data transfer rate, it was necessary to develop the fast focus servo control
system, which is the slowest compared to the other axes. In the case of the nonlinear parabolic
function, the direction to move the NyA cannot uniquely be determined from the intensity of
the PES of the focal axis. This is because the PES gives the same value for two different NyA
positions other than the origin. Therefore, to determine the moving direction of the NyA,
an additional sensor is necessary or else it is necessary to perform complicated linearization
processing. In this paper, we propose a new focus servo control system using the PES of
the nonlinear parabolic function without adding a further sensor and performing complicated
linearization processing.

In Sec. 2, our conventional disc-positioning mechanism and the features are described.
In Sec. 3, problems of the conventional disc-positioning mechanism are clarified. In Sec. 4,
we present a new servo control system based on a shift of the NyA using a real-time PES
to control the disc position. In Sec. 5, results and discussion concerning positioning accuracy
and settling time are described. Finally, Sec. 6 concludes with a brief review of our developed
servo control system.

2 Disc-Positioning Mechanism

A schematic illustration of the disc-positioning mechanism using a disc stage is shown in Fig. 1.
The focal (or z) axis is taken as the direction of disc thickness, the Bragg (or y, hereafter called
“tangential”) axis is taken as the direction in which the reference beam angle is changed for
multiplexing, and the pitch (or x, hereafter called “radial”) axis is taken as the direction
perpendicular to both the focal and tangential axes.

In our developed HDSS, the optical unit has no moving mechanism, and a disc mounted on
a disc stage moves to a position where the SNR of the target hologram becomes the maximum
value. The disc stage consists of a sled stage, radial stage, spindle motor, focal stage, and
tangential stage. Therefore, the disc stage has five movable axes, which are the sled, radial,
rotation, focal, and tangential axes. The disc positioning is performed by moving the disc stage.

Reproduction process

SLM
Reference beam // “Nyquist aperture
(2)Tilt Object Lens
Disc @Qo——"nTF— Hologram(Book)
(3)Focus(z)‘ -

=D *— Disc stage
(4)Radial(y)

(5)Tangential(x) Phase conjugation mirror

Fig. 1 Schematic illustration of the disc-positioning mechanism.
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The sled stage is the mechanical stage for loading the disc into the HDSS. The radial stage moves
a disc to the radial axis and changes radius r at the disc. To access a target book, the spindle
motor rotates the disc and changes rotation angle @ at the disc. In the disc positioning, radius r
and rotation angle @ determine the disc in-plane positioning. The focal stage moves the disc to
the focal axis of the disc thickness. The tangential stage moves the disc to the tangential axis. The
tangential and radial stages have two orthogonal axes and are controlled to compensate for the
eccentricity of a disc. By appropriately controlling the tangential and radial stages, the effect of
the eccentricity is cancelled, and a hologram is written or reproduced in the correct position.
Furthermore, the disc-positioning mechanism is also equipped with two edge sensors for eccen-
tricity compensation and a rotary encoder for controlling rotation angle 6 of the spindle motor.

3 Problems with Conventional Disc-Positioning Mechanism

During the reproduction process, the reference beam is irradiated to the disc as its angle is
changed by a galvanometer. The reference beam that penetrated the disc is reflected by the phase
conjugation mirror and irradiated to the disc again. The readout beam diffracted from a target
hologram by the reference beam is focused by a relay lens, and the beam passes the NyA. The
NyA is placed in the Fourier plane of the relay lens. The readout beam from the target hologram
reaches the camera and is consequently captured by the camera. The SNR of the target hologram
is calculated from the captured camera image. The SNR defined in Eq. (1) was utilized as the
evaluation index of the signal quality of the images:*’

SNR = 201log;, (M) (dB), )

Oon Ooff

where u,, and u.; are the mean values and o,,, and o, are the variances of “on” and “off” pixels.

A serious problem with the conventional disc-positioning mechanism is shown in Fig. 2. The
amount of each relative position shift A of the focal, tangential, and radial axes is represented as
Agefocuss Aran» and A4, respectively. The target hologram and the optical unit are aligned as
shown in Fig. 2(a). The essential function of the NyA is to block off undesired readout beams
from neighboring books during the reproduction process. However, when the hologram is off
the expected position, part of the readout beam is interrupted by the NyA and does not reach

SNR decreases

Focal

’i‘”fangential
Radial

Nyquist t

yquist aperture

Relay lens
) -

Readout beam

Disc

Target hologrdm Phase conjugation mirror

(a) (b)

Focal
SNR decreases 1

Focal
e SNR decreases

1 Tangential { <> Radial
Radial Tangential
Disc Disc

Fig. 2 Conventional disc stage control mechanism: (a) correctly aligned, (b) misaligned (Ayetocus)s
(c) misaligned (Ai,,), and (d) misaligned (A,,q)-
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the camera as shown in Figs. 2(b)-2(d). As a result, the SNR of the target hologram decreases.
To compensate for the lower SNR caused by the NyA position, a disc mounted on a disc stage
moves to a position where the SNR of the target hologram becomes the maximum value.
The positioning accuracy of the disc can be less than several um. However, the positioning
of the disc stage is not performed by the readout beam, but by the encoder on the inner circum-
ference of the disc. Even if the position of the disc can be controlled with high precision,
a position shift with respect to the target hologram occurs. Therefore, since the positioning
of the disc stage control is not performed based on the target hologram, a position shift of about
50 pm occurs at the maximum. This is because the physical structure that existed on conven-
tional optical discs such as Blu-ray Discs™ is not formed on our holographic disc. This is
because not only is scattering of light caused by forming a physical structure but also because
constructing a physical structure on the disc reduces the capacity of the disc. Therefore, there was
no way to know the displacement in real time. In other words, a serious problem is that high-
speed and accurate positioning on a plain disc is required.

4 New Disc-Positioning Mechanism

We have devised a new disc-positioning mechanism to compensate for the relative position shift
A by moving the position of the NyA that interrupts part of the readout beam. The method
relaxes the severe positional tolerance of the holographic disc so that a coarse positioning control
performed by spindle or sled motors conventionally can be sufficient for the positioning of
the holographic disc. For example, when the relative position shift Ajegocus 1S 0 um in Fig. 3(a),
the readout beam passes the NyA. In contrast, as shown in Fig. 3(b), if the relative position
shifts Agefocus 7 O um, part of the readout beam is interrupted by the NyA and does not reach
the camera and the SNR decreases. The width of the NyA was set to be 1.14 times larger than
the Nyquist size Dyya, which is defined as

A

Psim

@

DNyA =

where Pgp )\ is the spatial light modulator (SLM) pixel pitch, 4 is the wavelength, and f, is
the focal length of the relay lens.

As shown in Fig. 3(c), it can relax the severe tolerance of the positioning during readout if the
relative position shift Ag.g,..s from the expected position of the disc can be adjusted by moving
the NyA position to target displacement A g.fcus t0 prevent the deterioration caused by the
vignetting of the readout beam at the NyAeA with Ayesoeus and to allow the readout beam to
pass through the NyA instead of carrying out precise positioning control of the disc. The relative
position shift A g.rocus’ Of the NyA is determined by the magnification calculated using the ratio of
the focal length of the relay lens f, to that of the objective lens f:

A _ (1 ’ A 3
defocus’ — % X A defocus- (3)

As shown in Figs. 3(d) and 3(f), A4 and A, , are similarly expressed as

fr fr
Apgr = f_O X Apds  Aan’ = 7 X Ay, 4

So

where Agefocus’ 1S @ Square because Agerocus 18 @ longitudinal magnification. The optical param-
eters used in this study (summarized in Table 3) were determined experimentally.***! For exam-
ple, when f, = 40 mm, f, = 12.4 mm, and the relative position shift of the disc A yefocys FEMains
at 50 ym, we should move the NyA A yerocus’ = 520 pm in the focal axis to ensure high readout
quality.

The new mechanism can control the disc position quickly and precisely because the position
of the NyA is controlled based on a real-time PES obtained from the target hologram. Moreover,
the weight of the holographic disc is about 100 g and that of the NyA is <1 g (summarized in
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-®—>Tangential
Radial  Camera E .
Nyquist aperture Triaxial actuator
NyA)
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.
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i
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fr Move NyA with A = ﬂ % Move NyA with
Brod= f_ X Arad Triaxial actuator tan = £ tan Triaxial actuatorin
0 in radial direction tangential direction
(d) (e () (&)

Fig. 3 Disc stage control mechanism: (a) correctly aligned position, (b) disc position was shifted by
Agefocus from correctly aligned position, decreased SNR, (c) moving triaxial actuator in focal direc-
tion, depending on light intensity blocked by NyA, improves SNR, (d) disc position was shifted by
A4 from correctly aligned position, (€) moving triaxial actuator in radial direction, depending on
light intensity blocked by NyA, improves SNR, (f) disc position was shifted by A;,, from correctly
aligned position, and (e) moving triaxial actuator in tangential direction, depending on light intensity
blocked by NyA, improves SNR.

Table 3 Optical parameters.

Item Symbol Value Unit
Wavelength A 405 nm
Reference beam angle 4 48 deg
Objective lens (OBJ) Numerical aperture 0.6 —
Focal length of OBJ fo 124 mm
Focal length of RL fr 40 mm
SLM Pixel number Nsim 1944 pixel
Pixel pitch Psim 7.8 um

Table 4). Compared with the size and weight of the holographic disc, those of the NyA can be
markedly reduced, which is advantageous for realizing fast readout. Furthermore, there is
another advantage in that the compensation method has high affinity with the objective lens
actuator for conventional optical disc drive systems, such as DVDs and Blu-ray discs™.

Optical Engineering 035105-6 March 2020 « Vol. 59(3)



Tanaka, Ide, and Hashizume: High-speed focus servo control system using Nyquist aperture mounted. . .

Table 4 Experimental parameters.

Item Value Unit
Holographic disc 100 g
Recorded hologram Width in radial h,? 0.8 mm
Width in radial h;? 0.7 mm
Nyquist aperture Width in radial wyya, 2.4 mm
Width in tangential wyya; 1.2 mm
Weight Myya® <1 g

aWidth in the middle of the depth of the holographic disc.
®Including NyA holder.

4.1 Required Specification of the New Positioning Mechanism

First, we allocated the margin or fixed tolerance by distributing the amount of allowable unique
noise to each stress. In the margin allocation, the SNR was utilized as the evaluation index of
the signal quality of a target hologram. From the simulation and experimental results, in this
distribution of unique noise, the allowable total unique noise of the new disc-positioning mecha-
nism was assigned to be 8.2%,%° where the total unique noise is the square-root of the sum of
the squares of each unique noise. The unique noise generated by the new positioning mechanism
is related to the presence of a positioning error of each axis.

Next, specifications of a positioning accuracy required for the new mechanism are described.
As mentioned in Sec. 1, we explain the specification of focal axis in particular in this paper. The
relationship between relative position shift Agefoeus and SNR is calculated using an optical
simulator.*® The optical parameters used in this study (summarized in Table 3) were determined
experimentally. The results of optical simulation confirmed that the new disc-positioning mecha-
nism is effective, as shown in Fig. 4. Figure 4 plots the relationship between the relative
position shift Agcus and the SNR, where the solid line indicates the SNR without the new
disc-positioning mechanism and the dashed line indicates the SNR with the new mechanism.
When the relative position shift Agesoeus < 20 pm, it is clear from the SNR indicated by the solid
line that the SNR is less than about 0.1 dB. This SNR when the relative position shift Agegoeus <
20 pum can be compensated for by signal processing. However, when the relative position shift
A gefocus > 20 um, the SNR was degraded by —5 dB when the Ayegocus Was 100 um. Therefore,
the new disc-positioning mechanism demands a positioning accuracy of 20 um. On the other
hand, we can see from the SNR indicated by the dotted line that if the relative position shift

SNR
1
W

Target spec.

-3 of -each-axis
-3.5
-4 -4 w/0 compensation
-4.5 -A-w/ compensation
-5
0 20 40 60 80 100

Relative position shift Adefocus [um]

Fig. 4 Relationship between Ayg0cus @nd SNR: relationship between relative position shift Aggtocus
and SNR.
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A gefocus from the expected position of the disc can be adjusted by moving the NyA position target
displacement Ayesoeus’» it 1S possible to improve the SNR at the position of the NyA even though
the position of the disc does not shift to compensate for the relative position shift A gefoeus- The
reason for the decrease in SNR is that part of the readout beam from the target hologram is
interrupted by the NyA. Hence, it was revealed that a similar compensation effect is provided
by moving the position of the NyA.

As mentioned above, the new positioning mechanism needs to keep the unique noise below
8.2%. Figures 5(a) and 5(b) show the change in unique noise for the Agefocuss Atan> ANd Apyg.
If the focal axis is 20 ym, the unique noise will be 6% in Fig. 5(a). If the target relative position
shit between the tangential axis and the radial axis is designed to be 5 ym, the unique noise is
2% and 5% in Fig. 5(b), respectively. For example, since the unique noise is independent noise,
if the unique noise of each axis is 6% (Ageocus)> 3% (An), and 2% (Aq), the total unique
noise is about 8% [= /(6% + 5% + 2%)]. As a result, the new positioning mechanism satisfies
8.2% of the specification value.

The data transfer rate in reproduction TRy repr, is calculated as

Cy

TR, =
d-repro Tdfrepro + TA

®)

where Ty_repro 18 the total data reproduction time and T4 is the time for adjustments performed to
minimize disc displacement by controlling the position of the disc and to compensate for Bragg
mismatch caused by the temperature change. The disc capacity of the HDSS, C,, is given as

Cd:SdXRdXdensxRC, (6)
10
g 8
2 6
)
=)
S 4
g
=
2 2
0
-30-25-20-15-10 -5 0 5 10 15 20 25 30
Relative position shift Adefocus [um]
(@)
10
9 -e-Atan [um]
— 8 -oArad [um]
S
o 6
w2
é ; \\
o 4
=
g 3
S 2 2
X \/
0

20 -15 -10 -5 0 5 10 15 20

Relative position shift Atan and Arad [um]
(b)

Fig. 5 Relationship between relative position shift A and unique noise: (a) relationship between
Agefocus @Nd unique noise and (b) relationship between Ay, Arg, @nd unique noise.
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Table 5 Specifications of new disc-positioning mechanism required for 1-Gbit/s transfer rate in

reproduction.
Conventional New disc-positioning
Symbol Unit disc-positioning mechanism mechanism
Total adjustment time Ta min 81 81
required for 1 Gbps
(1) Book number per disc Brepro — 31,693 31,693
(2) Focus servo Tk ms/book 300 10
— min 158 (= Biepro TF) 5
(3) Tangential servo Tr ms/book 200 10
— min 106(= Brepro T7) 5
(4) Radial servo Tr ms/track 300 200
— min 02 (=47Tp) 0.2
(5) Adjustment time min 70 70

where S, is the disc recordable area, R, is the disc usage efficiency, and R, is the code
rate (summarized in Table 1). As indicated in Table 5, total adjustment time required for
1 Gbit/s is 81 min. However, as indicated in Table 5, the conventional disc-positioning mecha-
nism requires 334 min [= Bipo(Tp + T7) + 47Tk + Toq) for the T4, where T, T, and T, are
the setting times of the focus, tangential, and radial servo control system, respectively. Ty is
determined to be 47 times, which is the number of the radius movements. In this case, the data
transfer rate of our HDSS is 0.5 Gbit/s. As shown in Fig. 6, the total setting time of the new disc-
positioning mechanism needs to be 254 min shorter. To increase the transfer rate to 1 Gbit/s,
we designated the specifications of the new disc-positioning mechanism in Table 6.

Total data reproduction time [min]

600
254 min

500 R

400
§ J

300

200 i L X
§I

100 +~'4
&~

0

Conventional disc positioning New disc positioning

® Radial sevo control
Tangential sevo control
m Focus servo control

others

B Total data reproduction time

mechanism

Target spec.
for 1Gbps

mechanism

Fig. 6 Specifications of the disc-positioning mechanism required for 1-Gbit/s transfer rate in

reproduction.

Table 6 Specification of positioning control system.
Control axis Tolerance (um) Settling time (ms)
Defocus +20 <10
Tangential detrack +5 <10
Radial detrack +5 <200
Optical Engineering 035105-9 March 2020 « Vol. 59(3)
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Quadripartite
detector - - - - & e e e o -

PD circuit}i/% Analog front end }—J/
4

Nyquist aperture
mounted on triaxial actuator

Camera

1
Focal |
:
adial 1 — 3.
Tangential ! Digital circuit (FPGA board)
1

Feedback control block
Reference

Spindle motor (6)

Stage (x, y, 2)
O

Phase conjugation mirror

Holograms

Fig. 7 Schematic illustration of developed servo control system.

4.2 Developed Servo Control System

A schematic illustration is shown in Fig. 7 of the high-precision and fast servo control system
developed to compensate for the residual relative position shift A caused by the disc-positioning
mechanism. The servo control system consists of two blocks. One is composed of the disc-
positioning mechanism and the other is composed of a new NyA unit mounted on a triaxial
actuator, an optical block for detecting real-time PESs, and a feedback control block based
on their PESs. A PES expresses the position error of the reference beam from the target holo-
gram. The feedback control block consists of an analog circuit block and a digital circuit block.
The digital circuit was built with a field programmable gate array board [ACM-022 (Cyclonelll),
HuMANDATA Ltd.].

The intensity of PES to detect the PESs is shown in Fig. 8. The optical block consists of four
half-wave plates (HWPs), a polarized beam splitter (PBS) prism, and a quadripartite photo detec-
tor (four-channel PD), where a tangential error signal (TES), focus error signal (FES), and radial
error signal (RES) are the respective PESs of the tangential axis, focal axis, and radial axis. In
order to move the NyA at high speed, the lightweight HWP is placed around the NyA instead of

Servo light Readout beam incident on periphery of Nyquist aperture
Detection X/Y : Differential (Left/Right, Up/Down)
method Z : Total
Radial (X) ~ To camera
Camer g P polarization S polarization
1 Tangential () PBS

Schematic From disc side To PD
optics NyA+ four HWPs
(readout) Shading area

7
A

?/ > %

HWPS\

FES:

Focus error Signal
PES:

Position error Signal
HWP:

Half-Wave Plate

TES: _ Readout beam
Tangential error signal

RES: . . aperture (P polarization)
Radial error signal Side view Side view

Error signal TES = PD,-PDg, RES = PDy-PD,, FES = PD ,+PDy+PD+PD,

NA-

f{/ ////{//// v 7
Readout beam Nyquis

Fig. 8 Optical block.
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putting the PD onto the NyA. The intensity of PES is composed from those on the area of
the HWP.

The new NyA fulfills both the function of extracting the intensity of the readout beam illu-
minating the outer area of the NyA area to generate the PESs and the original function of the
NyA aperture explained in Sec. 3. The NyA is composed of two regions in Figs. 9(a) and 9(b).
Figure 9(a) is a side view of the new NyA, Fig. 9(b) shows a top view as viewed from the disc
side, and a four-channel PD converts light photons into the current detected by each channel and
outputs four currents, which are called PD,, PDg, PD(, and PDj, in Fig. 9(c). The first region is
merely a transparent area that plays the original role of the NyA. The P-polarized readout beam
passing through the first region is passed through a PBS prism and is then incident on the camera,
as shown in Fig. 7. The second region surrounding the first region of the NyA consists of an
HWP. The P-polarized readout beam passing through the second region is reflected by the PBS
prism because the polarization direction is changed from S to P by the HWP and is then incident
on the four-channel PD to generate the PESs. Figure 9(d) shows a diagram of the situation in
which the S-polarized readout beam illuminates the four-channel PD when the relative position
shift Agefocus OCcurs in the focal axis. Consequently, the FES can be generated by calculating the
output signal from the detector.

As shown in Fig 9(e), the TES can also be generated by calculating the output signal from
the detector when the relative position shift A, occurs in the tangential axis:

TES = (PD, + PD,)) — (PD, + PD,). ®)

Similarly, the RES can also be generated by calculating the output signal from the detector
when the relative position shift A4 occurs in the radial axis:

RES = (PD, + PD3) — (PD. + PDp,). O]
The position of the NyA can be controlled along the focal, tangential, and radial axes by the

triaxial actuator. The amount of deviation of the disc position from the expected one is acquired

New NyA = NyAd four HWPs Quadripartite detector

Sec((])}]&/]r)i%lon :;////////////; PDA PDD
— o 7/ //4’ % ______
\First region — PDB PDC
(NyA) . .
Top view Tangential , )
Side view (From disc side) F0211—>Radlal
(a) (b) (©
PD,|PD,

PD,| PD. PD,|PD.
Readout beam Readout beam
P polarization (S-polarization changed by HWP)

(d (e)

Fig.9 Schematic illustration of situation in which the four-channel PD is illuminated as the readout
beam is changed from P to S by HWP: (a) side view of NyA, (b) top view of NyA, (c) quadripartite
detector with four-channel detector part and each detector name, (d) diagram of the situation in
which the S-polarized readout beam illuminates the four-channel PD when the relative position
shift Agetocus OCcCUrS in the focal axis, and (e) diagram of the situation in which the S-polarized
readout beam illuminates the four-channel PD when the relative position shift Ay, occurs in the
tangential axis.
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from the intensity of a readout beam blocked by the NyA. In terabyte-class HDSSs, books are
densely located in the in-plane direction of a holographic disc. There is a strong possibility that
adjacent books induce crosstalk noise and decrease the accuracy of the positioning error signal
when generating the positioning error signal, because reference beam angles are conventionally
set to the same angular configuration in each book when recording holograms. To prevent the
crosstalk noise from mixing with the positioning error signal, we make the allocation of refer-
ence beam angles different among books located next to each other when recording holograms.*
By changing the reference beam angle, induction of crosstalk noise from an adjacent book can be
suppressed.

The servo control system consists of a PD circuit, analog front end, arithmetic unit, and servo
controller. The PD circuit converts each current into voltage and then amplifies the voltage sig-
nal. The function of the analog front end is to adjust the offset of the voltage signal and to reduce
noise using a low-pass filter. The four-voltage signal is input into the arithmetic unit. The arith-
metic unit calculates TES, RES, and FES. The TES, RES, and FES express the residual error of
the reference beam from the target hologram. TES is generated by calculating a differential sig-
nal between PD, and PD.. In the same way, RES is generated by calculating a differential signal
between PDy and PDj,, and FES is generated by calculating the total signal of PD4, PDy, PD,
and PDj,. The servo controller consists of a proportional integral derivative controller and per-
forms feedback phase compensation for each PES. Then the position of the NyA can be shifted
in each direction depending on each phase-compensated PES. As a result, the intensity of the
readout beam passing the NyA is maximized.

A schematic illustration of the developed NyA unit is shown in Fig. 10. The NyA unit con-
sists of two NyAs. One is for the recording process and does not require a moving mechanism
because there is no readout beam needed to control the position of the NyA. The other NyA is for
the reproduction process. It is mounted on a triaxial actuator that can be used to shift the NyA
position. The actuator consists of a biaxial (focal and tangential) electromagnetic actuator and
a single-axis (radial) actuator based on a stepping motor. The focus coil for moving the focal-axis
actuator and the tangential coil for moving the tangential-axis actuator wind wires around
a holder. The single-axis actuator consists of a stepping motor and a lead screw, and it switches
the NyAs depending on the recording and reproduction process. Furthermore, during the repro-
duction process, the actuator adjusts the radial position based on the RES. The parameters related
to the disc-positioning mechanism are summarized in Table 7.

Focal
Tangential y Radial
Magnet _ Spring
NyA for reproduction >
process
. Aperture holder
NyA for recording
process Holder case

Housing
Nut

Tangential
Sleeve coil
Guide shaft

Lead screw

Stepping motor

(@) (b)

Fig. 10 Schematic illustration of NyA unit: (a) NyA unit equipped with triaxial actuator and
(b) biaxial actuator holder.
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Table 7 Specification of disc-positioning mechanism.

Item Value Unit
Sensitivity of quadripartite detector 4.5 V/uW
Moving sensitivity in focal direction 54 um/mA
Moving sensitivity in tangential direction 14.5 um/mA
Moving sensitivity in radial direction 0.7 in case of 1000 pps mN - m
Spindle motor Rotary encoder 0.012 mdeg
Resistance 1.9 Q
Torque constant 13.4 mN - m/A
Total inertia of load 0.2x 1078 Kg - m?
Start torque 80 mN - m

4.3 Focus Servo Control System

Figure 11 shows each relationship between the amount of relative position shift A and PES
obtained by the optical block. Here, A jetocus, Aran, and Ay of the horizontal axis stand for the
amount of each relative position shift of the focal, tangential, and radial axes. The vertical axis is
the intensity of each PES detected by the four-channel PD. The TES and RES show a linear
function for A, and A4 because TES and RES indicate the bias error of the pair intensity of the
readout beam detected by the four-channel PD. In contrast, the FES shows a nonlinear parabolic
function for Ageocus because FES indicates the total intensity of the readout beam.

Target specification

PES (Position error signal)

60

_ 50 [»JTarget zone |
z R Za
Defocus 2 . &
=20um/l0ms) | & o Pt A
0 &
30 20 -10 0 10 20 30
Abefocus [,urn]
100 Tardet[zong 47
. = 50 > o
Tangential CRE > 28
Detrack n R ad
(+ 5 um/10 ms) E 50| et
-100 L
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ATan [ym]
100 -
_ arget zone &
= 50 € -1
Radial E 0 T
Detrack I&J 50 ‘ } {
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Fig. 11 Relationship between the amount of relative position shift A and PES.
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Fig. 12 Photograph of part of the experimental setup in order to verify the validity of the method of
generating PESs.

In order to verify the principle of the PESs to move the NyA as shown in Fig. 11, using the
experimental setup shown in Fig. 12, an experiment was performed while shifting the position
of the disc independently in the three directions to change the illumination pattern of the four-
channel PD. Figure 13 shows a graph of the FES generated on the basis of Eq. (7) while shifting
the position of the disc in the focal direction. The white circles represent the results of calcu-
lations using data obtained from the output signals of the PD circuit of feedback control block in
Fig. 7, and the black dots represent the output signals of the arithmetic unit of feedback control
block in Fig. 7. The two calculated results are in good agreement. The graph showed a slight
fluctuation, but the linearity required for servo control was obtained in the range of —50 to
—+50 pum, and it was confirmed that the average sensitivity was 2.0 mV /um. Similarly, in the
tangential direction, Fig. 14 shows a graph of the TES generated on the basis of Eq. (8) while
shifting the position of the disc. The sensitivity calculated by linear approximation was
2.5 mV /um. A similar experiment was performed for the last radial direction and the sensitivity
was 2.0 mV/um in Fig. 15.

To achieve a stable servo control system of the focal, tangential, and radial axes, the PES
needs to have a positive or negative slope such as that of the TES or RES. In the case of the
nonlinear parabolic FES, the NyA position cannot be uniquely determined from the intensity of
the FES. This is because the FES gives the same value for two different NyA positions other than
the origin (Agefocus 1S 0 #m). A conceptual diagram of the operation of a focus control using a
nonlinear parabolic FES is shown in Fig. 16(a), while the relationship between FES and A gefocus
is shown in Fig. 11. As shown in Fig. 4, the target specification is <20 ym and the optimum
position is zero. Therefore, we intentionally shifted the operating position of the NyA from the

100
O Calculated FES based on raw|data of

PD signals
@® Calculated FES using the FPGA

x
[==)

[*}
<P

'
<P

FES [mV]

< 3

Sensitivity
2mV/ pum

@ 20 @
@ 0@

-50 -40 -30 -20 -10 0 10 20 30 40 50

Abefocus [um]

Fig. 13 FES as function of relative position shift of holographic disc in focal axis.
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Fig. 14 TES as function of relative position shift of holographic disc in tangential axis.
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Fig. 15 RES as function of relative position shift of holographic disc in radial axis.

expected position. In the focus control system, focus pull-in control is started at the point where
the FES crosses the operating position in either (I) or (II) in Fig. 16(b), and the focus control
operation based on the readout beam is performed. In this case, if the intensity of the FES
increases from the operating position, the focus control system controls the position of the
NyA so that the intensity of the FES decreases. As a result, even though the FES is a nonlinear
parabolic function, the direction to move the NyA can be uniquely determined without perform-
ing complicated linearization processing.

Camera

| Operating position (I) of defocus control |

Nyquist
aperture

Readout beam

()

N\,
\,
N,
N,

To quadripartite detector ™

Defocus [um]

N,

FES

Targe _5 [nW]

Zone

N -20 ym

N

Fig. 16 Conceptual diagram of defocus control system operation: (a) relationship between NA and
readout beam and (b) relationship between FES and Agefocus-
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5 Results and Discussion

It is necessary to identify the frequency characteristics of the triaxial actuator used to shift the
NyA in order to design the settling time of the servo control system. P (s) was modeled using
the mass-spring-damper system, where P, indicates the model of the plant of the focal-axis
actuator. The secondary resonant frequency of the focal-axis actuator is 10.8 kHz, which does
not affect the control because it is sufficiently higher than the control bandwidth (300 Hz).
Therefore, P, (s) was modeled in consideration of the main resonance:

o;

= 10
§2 4 2¢cw,s + w2 (19)

Pg(s)
where the main resonant frequency w,, is 21.6 Hz and a damping factor { is 0.1. The frequency
characteristics are shown in Fig. 17, where the solid lines indicate the model characteristics and
the dotted lines indicate the results of actual measurement. The simulated and measured results
are in good agreement.

A control band satisfying the target settling time of 10 ms or less with a positioning accuracy
of +20 ym was estimated from the simulator of the focus control system in Fig. 18, where
controller(s) is the transfer function of the controller, ygg is the position of the readout beam,
focusing driving signal (FOD) is the control signal for driving the focal-axis actuator the offset
shifts the operating position of the NyA, Dy is the focal detection sensitivity, and the unit is
V /um. The model of the actuator given by Eq. (10) was used for P/(s) and the controller(s)
was designed with a gain margin of —12 dB or more and a phase margin of 45 deg. The settling
time is calculated while changing the control band of the focus control system for the unit step
input corresponding to a 100-ym movement. As shown in Fig. 19, it was confirmed that a band-
width of about 300 Hz is sufficient to satisfy the settling time of 10 ms. The control bandwidth is
the frequency when the amplitude of the transfer function from input (A) to output (B) is 0 dB. The
frequency was confirmed by simulation while changing the control band from 10 Hz to 2 kHz
in Fig. 17.
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Fig. 17 Measured and simulated transfer functions of feedback control block.
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Fig. 18 Schematic diagram of focus control system.
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Fig. 19 Relationship between control bandwidth and settling time.
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Table 8 Positioning accuracy and settling time of the developed servo control system.

Control axis Tolerance (target specification) Settling time (target specification)
Defocus +15 ym (£20 um) <8.5 ms (10 ms)
Tangential detrack +3 um (+5 um) <7.5 ms (10 ms)
Radial detrack +4 ym (+5 um) <150 ms (200 ms)

The result in Fig. 20(a) shows that the focus control system with the nonlinear FES was able
to compensate for the relative position shift Aj.pcs In an experiment, where the A jrocus Was
65 pm. However, the A gefocuss Which occurs in the worst case due to mechanical issues, is 50 ym
in our system. It shows that the focal-axis actuator was controlled with the nonlinear parabolic
FES. As a result, positioning accuracy of =15 um (= control performance of £6.8 ym and
position movement of 8.5 um) and a settling time of 8.5 ms were observed, which satisfy the
requirements for the focus control system. On the other hand, the results in Figs. 20(b) and 20(c)
show that the tangential and radial control system with the linear TES and RES were able to
compensate for the relative position shift A.,, and A 4 in an experiment where the A, and A 4
were 50 ym. When A, and A4 are 0 ym, the NyA is in the optimum position. Regarding
tangential and radial servo control, we controlled at the optimum point. This is because the
TES and RES give the unique value for the NyA position. Consequently, we confirmed that
the positioning accuracy and settling time of the developed servo control system using the
NyA satisfied the specifications in the HDSS, as indicated in Table 8.

6 Conclusion

We have developed a new servo control system by shifting the position of the NyA mounted on
the triaxial actuator in order to control the disc position. The effectiveness of the servo system
was proven from the results of optical simulation. The servo system controls the triaxial actuator
by generating a real-time PES from a readout beam. The TES and RES show a linear function for
A, and A4, but the FES shows a nonlinear parabolic function. With the nonlinear parabolic
FES, the position of the NyA cannot be determined uniquely from the FES. The use of the focus
control solves this problem without complicated linearization processing. The compensation
performance was evaluated when the Agegc0s Was 65 ym, which occurs in the worst case due
to mechanical issues. A positioning accuracy of +15 ym and settling time of 8.5 ms, which
satisfy the requirements for focus, were observed. By combining new servo control system with
a spindle motor, it is possible to further speed up the control. Therefore, it is highly expected that
a transfer rate in the gigabit-per-second class will be achieved (Table 8).
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