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Fig. 2.2 Schematic diagram of fundamental holographic memory for (a) recording and (b)

reproducing data page. SLM stands for spatial light modulator.
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Fig. 2.3 Mechanism to record a hologram in a photopolymer material. When an interference
fringe pattern is irradiated to (a) initial state material, (b) high and low refractive indices

pattern is formed, and then are maintained for long time after (c) fixing by post-processing.
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Fig. 2.4 Various multiplexing methods in Fourier-transform type holographic memory : (a)
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shift. FTL stands for Fourier transform lens.
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Fig. 2.5 Configurations related to optical system in holographic memory : (a) polytopic

multiplexing, (b) co-axial configuration, and (c) phase-conjugation reproduction.
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Fig. 2.6 Phase-conjugation reproduction : (a) a hologram recorded with a data page in-
cluding phase aberration, (b) distorted and deteriorated data page reproduced by the same
reference beam as used when recording, and (c) abberation cancellation by phase-conjugated

reference beam illumination.
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Fig. 2.7 Schematic diagram of angle-multiplexed holographic memory experimental setup

for (a) recording and (b) reproducing data pages. M, PBS, and HWP stand for mirror,

polarizing beam splitter, and half-wave plate, respectively.
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Number of pixels : 1344 x 1008 pixels

Fig. 2.9 A data page format.
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Fig. 2.10 A part of enlarged data page including L-shape marker.
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Table 3.1 FDTD simulation parameters for uniformly slanted holographic grating with ref-

erence and signal beams as plane waves in three-dimensional analytical region.

Wavelength in free spacgy 532 nm
Polarization Linear (y-direction in Fig. 3.10)
Average relative permittivityeye 2.25

Angle, a 14.3°

Fringe spacingi 700 nm

Analytical region size 10.8x 10.8x 5.9 um
Holographic grating size 10.5% 10.5x 4.2 um
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Table 3.2 Three-dimensional FDTD simulation parameters for angle-multiplexed holo-

grams.
Number of data pages 2
Number of pixels on a data page 16x16
Reference beam angles for recording tozlais 45° 50
Signal beam angle to theaxis 0°
Average relative permittivity 2.25
Relative permittivity amplitude per angular spectrum 0.01
Wavelength in free space 532 nm

Analytical region size
Number of cells Ky x Ny x N,)
Holographic grating size

Length on a side of a cell

Number of PML layers

21.6x 21.6x 11.8 um
512x 512x 280
20.8x 20.8x 10.8 um
42.2 nm
16
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larly with two data pages.
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Fig. 3.20 Flow chart for numerical simulation based on the scaftradtion theory.
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Table 3.3 Parameters for numerical simulation based on the scfitacton theory.

Wavelength A
Focal length of FTL

Thickness of recording layer T
Average refractive index in recording layer No
Maximum refractive index amplitude in recording layer Ny
Oversampling rate No
Number of cells in SLM imager plane Np X Ng
Number of cells for data page region M, X Mg
Cell size in SLM/ imager plane Apx 49
Number of cells in Fourier planemedium surface Ny X Ny
Cell size in Fourier plangmedium surface AX X Ay
Number of layers in recording layer Nz
Thickness of a layer AT
Aperture size ratio to Nyquist spatial frequency b%
Offset distance of medium surface from Fourier plane L
Incident external angle of reference beam during recording 6g
Incident external angle of reference beam during readgut 6y,
Tilt angle of medium O
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Fig. 3.21 Schematics and coordinate systems for simple slanted holographic grating.
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Fig. 3.22 Schematic diagram of simulation model for simple slanted holographic grating in

tilted medium based on the scalaftthction theory.

64



3300000000obooboboooboo

Table 3.4 Parameters for the scaldfrdiction theory of a simple slanted holographic grating

in tilted medium.

Wavelength in free space, 532 nm
Focal length of FTL f 28.2 mm
Thickness of recording layet, 1.0 mm
Average refractive index in recording layes, 15
Maximum refractive index amplitude in recording layey, 0.00001
Oversampling ratelo 3
Number of cells in SLM imager planeN, x Nq 2048x 2048
Number of cells for data page regiod,, x M, 3x3

Cell size in SLM/ imager planedp x 4q 28.0x 280 um
Number of cells in Fourier planemedium surfaceiNy x Ny 2048x 2048
Cell size in Fourier plangmedium surfacefx x 4y 0.2616x 0.2616um
Number of layers in recording layex; 1000
Thickness of a layey T 1.0 um
Aperture size ratio to Nyquist spatial frequengy, 2.0
Offset distance of medium surface from Fourier pldne, 0.0 mm
Incident external angle of reference beam during recording, 45°
Incident external angle of reference beam during readgut, 44.8 10 45.2
Tilt angle of mediumgy, -10, 0,+30°
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Fig. 3.23 Angular selectivity curves for various medium tilt angle using numerical simula-

tions based on Kogelnik’s coupled-wave theory and scaténadtion theory.

O0000OKogenkO OOOOOODOOOODOOODODODOOOOODOOOODO
gobbbuoodoboooobbbuoooobbbuooobobbbooooobbooo
gobbooggbobobuoooobbobuoooobbouoooboboboooobob
000000000000 0DO0000O0O0DOoO0oOgn (RMSE : root mean square
erro)00000000O0OOG,0 -10000+300 00O 0O 0.03010.01470.36%0
gboogbuogobode,bbuooobooogbbogbbogobboonn
gobbooggboboboooobobuoooobbooooboboboooobon
gbobooobooobbooobbodbbLanczosl OO0 ooonbooobOoOoO
gobobbuogooboo
gbgbuogbgboooobobooboboobobobonooobobogn
goobobobobobobobooboboy=000000ObOObOObObO
gobooboobooboobobbobooboooob en=-1000006m=+30°

66



3300000000obooboboooboo

oob0oO0ob2400000000000D0O0ODOD0OODODOODOODOODOODO
gobbbooogobobooooboboboooobobboooboobooooobooon
O0000000FQ.3.23000000000000000000000000O00OO
gboobuooboobgoobooboooboobooboobooboobon
gboobobbooboobuoobuooboobobboboobooboobon
gobbbooodgbbbuoooobbbuooobobboooobobboooobbb
gobbbooodbbbuoooobbbuooobobboooobbboooobobb
gobbbooodgbbbuoooobbbuooobobboooobbboooobbb
gobbbooodgbbbuoooobbbuooobobbouoobbboooobob
gobbbooodgbbbuoooobbbuooobobboooobbboooobobb
gobbbooobobbooogbbbooooboo

333 U0Onooooooo

gobbooogbbbuoooobboooobbobuooobboooobon
gobbbooggobobuoooobobuoooobbooooboboboooobob
gobbooggoboboooobobuoooobbooooboboboooobon
gobboogobobbuoooboobobooan

gobbooggbbbugoobboogobbobuooobboooooboon
gobboboooobobooooboboooobboooobobobooooboon
000 2000000000000 000O00DODO00DOOOODO0O0OOOO0OD
0000000000000 000000000D000 Table3. 50000

00000 205010010000 00 00000000000000000DO Fig. 3.24
obooobooo2050000000000000000D0O0O01100D000O00OO
oo b 0oooooooboOonod

oboboooooboooboobgobooob 1000 boboooboooobonDg
ooboooooboboooooooboobooRrRMSEDOODODOOOOODODOOOO
RMSEO Fig.3.250 0000000 10000 000000000000 0O0O0 1%00
oobooboboooogryvooooobOoboolwloooobooooogn 2000
gobobuooooboo

67



030 000b0booboog

Table 3.5 Simulation parameters for a hologram modulated with a data page in tilted

medium.
Wavelength in free space, 532 nm
Focal length of FTL f 11.0 mm
Thickness of recording layet, 1.0 mm
Average refractive index in recording layes, 15
Maximum refractive index amplitude in recording layey, 0.00001
Oversampling ratelo 6
Number of cells in SLM imager planeN, x Nq 4096x 4096
Number of cells for data page regiod,, x M, 2016x 2688
Cell size in SLM/ imager planedp x 4q 52x52um
Number of cells in Fourier planemedium surfacelNy x N, 4096x 4096
Cell size in Fourier plangmedium surfacefx x 4y 0.2748x 0.2748um
Number of layers in recording layex; 2,5,10,20,50
100,200,500,1000
Aperture size ratio to Nyquist spatial frequengy, 2.0
Offset distance of medium surface from Fourier pldne, 0.01 mm
Incident external angle of reference beam during recording, 75°
Incident external angle of reference beam during readgut, 74610 75.4
Tilt angle of mediumgy, +15°
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Fig. 3.24 Angular selectivity curves for various layer division number.

10° : T : T : T : T

102

103k .

Root mean square error
—
S
|
|

1074

10-5 . | . | . | . | .
0 100 200 300 400 500

Number of layers

Fig. 3.25 Root mean square error of angular selectivity to 1000-layer-division result as

function of layer division number.
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(a) (b)

Fig. 5.1 Schematic diagram of signal and reference beams in angular multiplexing holo-

graphic memory with (a) short and (b) long focal length lens system.
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Fig. 5.2 Angles between reference beam and three elemental plane waves from point-A, -B,
and -C on SLM.
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Fig. 5.3 (a) full and (b) half format data page.
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Table 5.1 Numerical parameters for angular interval estimation.

Wavelength in free space, 532 nm
Focal length of FTLf 11.0 mm
Thickness of recording layef, 1.0 mm
Average refractive index in recording layes, 15
Maximum refractive index amplitude in recording layer, 0.00001
Oversampling ratd\o 8
Number of cells in SLM imager planeN, x N 4096x 4096
Number of cells for data page regiav,, x Mg 2688x 3584
Cell size in SLM/ imager plane4p x 4q 3.9x%x3.9um
Number of cells in Fourier plarnemedium surfacelNy x Ny 4096x 4096
Cell size in Fourier plangmedium surfacex x 4y 0.3663x 0.3663um
Number of layers in recording layd¥; 200
Thickness of a layey T 5.0 um
Aperture size ratio to Nyquist spatial frequengy, 2.0
Offset distance of medium surface from Fourier pldne, -0.5 mm
Incident external angle of reference beam during recording, 75°

Tilt angle of mediumg,, +15°

Tilt angle range of medium during readoé, Om + 0.2°
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Fig. 5.4 Angular selectivity curves obtained from numerical simulation for (a) full and (b)
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Fig. 5.5 Numerical results for the reproduced data pages at various external incident angles

of the reference beam.
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Fig. 5.6 Reference beam angle allocation for three multiplexing holograms including a

target at 75 and (a) full format or (b) half format data pages at#36.
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Fig. 5.7 Numerical results of SNR dependency on angular interval in Fig. 5.6(a) and (b).
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Fig. 5.8 (a) Schematic diagram and (b) photo of experimental optics. M, HWP, PBS, SLM,
FTL, SA, RL, and G stand for mirror, half-wave plate, polarizing beam splitter, spatial light
modulator, Fourier transform lens, square aperture, relay lens, and galvanometer mirror,

respectively.
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Fig. 5.10 Angle layout for multiplexing full and half format data pages alternately.
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Fig. 5.11 Reproduced data page (a) # 1 and (b) #@at 0.07°.
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Fig. 5.12 Measured BERs as function of data page number.
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Table 6.1 Classified noise factors in holographic memory system.

Symbol Noise factor

e, Ne CCD dark shot noise, CCD readout noise

oF, NE Spatial laser noise, laser beam profile,

oL, NL optical interference, CCD fixed pattern noise

s, Ng CCD shot noise

Reference beam profile,
ow, Nw non-uniformity & non-flatness of medium,

wavefront error, optical interference

Aberration in reproduced beam,
oG, NG resampling, optical transfer function (OTF)

& inter-symbol interference (1SI) for ON-pixels

PR, NR Resampling, OTF & ISI for OFF-pixels
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Table 6.2 Measured noise powers normalized by ON-pixel's average.

Noise factor Measured noise power
normalized by = 97

CCD dark shot noise, CCD readout noise n2=15x10"°
Spatial laser noise, laser beam profile,
optical interference, CCD fixed pattern noise n? = 0.059
CCD shot noise

Reference beam profile,

non-uniformity & non-flatness of medium, na, = 0.061

wavefront error, optical interference

Aberration in reproduced beam,

resampling, optical transfer function (OTF) nz = 0.092

& inter-symbol interference (1SI) for ON-pixels

Resampling, OTF & ISI for OFF-pixels nz = 0.0092
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CTR(fa) = (1+a- ) (6.13)
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Fig. 6.12 Shematics diagram for numerical simulation of square aperture size dependincy.
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Table 6.3 Parameters for numerical simulation of square aperture size dependincy.

Oversampling ratelo

Number of cells in SLM imager planeN, x N

Number of cells for data page regiav,, x M,

Cell size in SLM/ imager planedp x 4q

Number of cells in Fourier planemedium surfaceiNy x Ny
Cell size in Fourier plangmedium surface/x x Ay

Aperture size ratio to Nyquist spatial frequengy,

8
4096x 4096
2688x 3584
3.9x3.9um
4096x 4096
0.3663x 0.3663um
0.1t02.35
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Table 6.4 Parameters for estimating the recording density.

Wavelength in free space 532 nm
Medium tilt angle 6, 15.0°
Thickness of recording layer in medium, 1.0 mm
Refractive index of recording layer in medium, 15
Focal lenght of FTL f 11.0 mm
Number of pixelsM, x Mq 336x 448
Pixel pitch,4p x 4q 312x312um
Incident angle range of reference bedy, 60.0 to 9Q0°
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Table 6.5 Optimal angular intervals at three incident anglse of the reference beam.

6r 46 for half 246 for full
60° 0.0465 0.093
75 0.0675 0.135
9  0.078 0.156
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Table 6.6 Estimated recording density of angle-multiplexed holographic memory when us-
ing both the angular interval schedule and the half format insertion method under the condi-
tions listed in Table 6.4.

A1=532nm A1=405nm

D [ Gbit/mn?] 1.01 2.29
D [ Gbit/inch?] 654 1480
C [ Thyte/disk] 1.14 2.59
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