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Holographic materials

Material Reusable Processing  Type of Exposure Spectral Resol. Max. diff.
hologram (J/m2)  sensitivity (lim./mm) efficiency
Photographic No Wet chemical Amplitude 5x10° 400-700 1000-10000 0.05
emulsion Phase 5x10°% 0.60
Dichromated No  Wet chemical Phase 102 350-580 >10000 0.90
gelatin
Photoresists No  Wet chemical Phase 10? Uv-500 3000 0.30
Photopolymers No Post exposure Phase 10-10% Uv-650 200-1500 0.90
Photochromics Yes None Amplitude  10%-103 300-700 >5000 0.02
Photothermo Yes Charge Phase 10 400-650 500-1200 0.30
-plastics and heat (bandpass)
Photorefractive
LiNbO, Yes None Phase 104 350-500 >1500 0.20
Bi,SiO,, Yes None Phase 10 350-550 >10000 0.25
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Holographic storage media parameters

Optical quality
For distortion-free imaging of the input data to the detector
Storage medium is also one optical component
Intrinsic light scattering: signal level minimum

= Sensitivity
(Refractive index modulation) / (absorbed fluence)

= Dynamic range (M/#)
Total response of the medium divided among many multiplexed holograms

= Absorption
Diffraction efficiency & selectivity

= Volatility
Dark decay (archival problem) and readout erasing

National Creative Research Center for Active Plasmonics Applications Systems %




Photorefractive crystal
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Photopolymer (1)

ligh
Cover sheet PVC I 60.9 um L Ifutf LI
Polymer layer I 20.0 um
Base sheet Mylar I 50.8 pm B <G

Binder-rich area
/' (Low refractive index)

. . .

Photopolymer-rich area
(High refractive index)

v

Mixture of Sensitizing “
dyes, Initiators, Monomers, "

Polymeric binder e *
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Photopolymer (2)
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Thickness of Medium (microns)
Shrinkage effect Dynamic range
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Multiplexing techniques

Angle multiplexing

holographic

material

multiplexing

direction hologram

e .
reference ,  signal
beam beam

holographic

hologram

multiplexing:
change in the
phase-code

Phase-code
multiplexing

Wavelength
multiplexing

holographic
ay
g
muluplexing:

hologram
wavele
S/
<
~ q “
i Ty
cnce S12n3 \\
= .
e
FNGE /
e g /
i
'\\\.

) holographic
@i, material

s/ ke
A R hologram
multiplexing [ 3
direction

™~
reference -
beam

Shift
multiplexing

Spatial & angle
multiplexing

space-

holographic
material

multiplexing

reference
beam beam

(1
space-
-multiplexed
locations

reference  ,*
beam

Spatial & shift
multiplexing
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Hologram reading

Weak scattering of volume
dielectric grating

EAg;
= — (d
E, EY

Holograms in HDS;
weak volume gratings Ag cR'S

1st Born approximation

S ~AsR ~SR'R

Wave equation (vectorial, EM)

e(f)=¢, + E(F)e"zg

Correlation!
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Selectivity

0.9 N

0.8 1

0.7 0

0.4 .

03

Diffraction efficiency IE

02F

0.1 A
0 /’r’_—‘\\ L 1 \ 1 S—

-30 -20 -10 0 10 20 30

Shift §_[A]

Multiplexing unit detune
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Phase matching condition

(@& tx (b). tx

.
Grating recording Bragg-matched
' reconstruction
(c} Yx (d) hx
-
Bragg-mismatch: angle, T, Bragg-mismatch:
detune | R wavelength detune
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Spatial Light Modulator (SLM)

- Sl

B

T T

75,

LCD modulator Digital micromirror
modulator
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DMD structures
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Coding

= Modulation codes
= For binary detection;

balanced block code... Y
" Interleaving & ECC AT

= Reed-Solomon code (or convolutional code)
= BER pattern => interleaving

25 5888

= Equalization

= |SI (inter-symbol interference) effect suppression

Equalized
) kernel ||:> g




Modulation code
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1:2 Modulation Code
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Detection

[l l'r “hrn_: [i lﬁ.'

I _I'[in 2 |
14 é‘ﬂ i

] i l.".:

.'- |[|r . ‘l
I'l E1 Jl L; L 'Irﬂ |1 Lj 'y
: | % i . .l
1k ﬁ L‘ z
4’:'5 “d d 4 "] Method 1: Method 2:
Take the intensity of a Take the average of all
.. . sampling point (red point) of Intensities in each block
Original image eachpbm%lf Sl
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Array of code sequences

~ 7 Pages
‘,”‘jf By
' —~

Code sequence

Two dimensional array of decoders
M.A Neifeld et al., Appl. Opt., 35, 8183-8191 (1995).

Two dimensional array of code sequences

[A1][BL1][C1][D1]... [A2] [B2][C2][D2]... [A3][B3][C3][D3]... [AP] [BP][CP][DP]...
[E1] [F1][G1][H1]... [E2] [F2][G2][H2]... [E3] [F3][G3][H3]... [EP][FP][GP][HP]...
[K1] [LTJ[M1][N1]... [K2] [L2 ][M2][N2]... [K3][L3][M3][N3]... | === [ [KPI[LPI[MP][NP]...
[QL] [RTI[STI[T1]... [Q2] [R21[S2]1[T2]... [Q31[R3T[S3I[T3]... [QP] [RPJ[SPILTP]...
pagel page2 page3 page P
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Burst error correction
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= Successful decoding is possible
even if data pages are completely erased.
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Page Recovery

=  Without 10 pages
= 2,10, 19, 23, 30, 36, 48, 49, 58, 68

= (7,4) Hamming code

T P e ""'-.'-.'II#
AN 1R
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Example of burst error




Convolutional coding

Convolutional codes

= Error correction codes
Block codes — BCH, RS

Convolutional codes
= Soft decision decoding
Extra coding gain

= Viterbi algorithm
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Encoder (convolutional code)

= Encoder o Trellis diagram
* (n=2,k=1,m=2)
= g=(7,9)
Modulo Path 1
adder
Input
o L -o
Flip-flop Output
Path 2
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Soft decision decoding in Viterbi algorithm

= Quantization of received signal into Q levels
= Q = infinite : Ideal soft decision
= Q =2 hard decision

= Q =8 : practically good enough

= 3 bits/sample A/D conversion of received signal makes 2dB
extra coding gain at BER=10- compared to hard decision.

= Little increase of decoder complexity
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Soft decision decoding

* Soft decision (Q=8) 11  Hard decision (Q=2)

Discrete channel model Binary channel model
110

0 @ 101
100
000

1 @ 001

010 Likelihood of Likelihood of
ol p(r[sy) p(rlsy)

Hard Sign-magnitude
decision data representation

Most negative 111
110

0 . . .
T 101 e W N T W WU T WA 1 PP PP

i 111, 101 1 isi
Least negative 100 11010%,,000,,,020 . 8 level soft decision

Least positive 000 semsmmmn- — N\ . e

Signal

001 0 1 2 level hard decision
010

Most positive 011
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Soft decision decoding

Received 0 1 Received

0 symbol symbol 0 !

0 0 0.50 0.05 0 5 0
0

0 0.32 0.13 0 4 2

1 1 1 0.13 0.32 1 2 4

l 1 0.05 0.50 1 0 5

Discrete channel model (Q=4) Conditional Probabilities Bit metrics Trellis

« Soft decision decoding for an (1, 3) code
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Experiment — Soft Decision Decoding

25000 iicr::;d Interval| 0 1 iicr::;d Interval| O 1
' BN ON
20000 - -INF -INF
> BN OFF 0 087 | 011 | | 111 0.600 | 0.040
< o0 120 100
g I 121 101
S, 1 0.13 | 0.89 110 0.150 | 0.035
i : Q=2 111
5000 | 101 | - ]01200.030
ii;crz:oeld Interval | O 1 121
0 40 80 120 160 200 240 e 100 | 5, 00700030
Intensity [a.u.] 11 0.750 | 0.075
110 131
000 | 00400030
111
e - 10 0.190 | 0.060 L
Quantization leve 130 001 o0 0.014 | 0.030
131
Q=2 0.03~0.08 00 | . |00540.060 el
010 0.005 | 0.035
Q=4 0.006~0.022 151 160
10 0.006 | 0.805 o1
Q=8 0.005~0.017 +HINF o1 | 000110770
Q=4
Q=8
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Intrapage intensity variations

Best thresholds for 52 pages
with 30x30 blocks
(1.3 inch diagonal SLM)

||:[|'| E,»J”-.EE 5
Iihfli h

FI'E"l - Lot
Hfi"r't It
|It1F5 rh

"'.' i

0/2 levels 072 levels

Best threshold

Best thresholds for 70 pages
with 50x50 blocks
(0.24 inch diagonal SLM)

Likehhood of
p(rlsp)

H_/

Overlapped
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Sequence of Coding

Generating pages

IBM 2D square
RS (63,k .
(63.k) mod(6:8) lattice
Original ECC Modulation Interleaving
data encoding coding
Record/reconstruction
Simulation Experiment
> shift, [llumination, OR
rotation, oversampling :LGE
Retrieving data
Alignment/F De- i . ECC Retrieved
IR filtering || interleaving De-modulation decoding data
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Examples

Page generation condition
Page size: 512x384
RS ECC: (63,51)

Simulation condition
Rotation: 0.2(rad)
Shift: (0.2,0.3)(pixels)
Illumination: 0.8:1

(of 10)

(1of 10)

(of 10)




ALAEL S
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Holographic Data Storage System (1)

Ar Laser

Shutter 1

Beam
Splitter

Mirror

Shutter 2 Beam Expander

Mirror

Beam Expander  SLM I\éltoaté)é mﬁgorgg}‘ractlve
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HDS system (I1)

Beam splltter
Beam expander..

deference be@ e
camera

= e
Beam expander: QQ

WSignal beam

e Lens?2
ﬁ‘ Q “Iris: $patial filter

Len

\Rotatio nal stage

P oy S
il ~
3 (3
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Exposure Schedule

{ t } Recording time
A=A, 1—exp[——rj

Ty

A= Aexp(— t—ej
Te

t t
A"= A {1 - EXF{— —rﬂ eXp[— —e] > Lo
Ty To :
_ 250 +
AII t § I
t (t,)=—r, In|:1 = eXpL_eﬂ = 2001
A Fe £ 150}
%D 100 |
M i i
o
ten = Ztr,k § 50 | “
k=n+1 &) i
" R 0 ||II""""““||IIIIIIIIIllllllnnuun
t, =t (t,) 0 10 H(z)(l)ograr?;? 40
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Diffraction efficiencies

200 100
100

20

0 0

10 20 30 40 50 10 20 30 40 50 60 70
Hologram Hologram

-

a1

o
®
(=)

[=n)
[«

Intensity [a. u.]
S

Intensity [a. u.]
=
(=]
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SNR

m, —m
SNR = L $
6 \/ 2 | 52
5l 01 GO
m 4]
S,
x 3f
< ol . ..
@ °* M,: mean of on-bit intensities
1_
0 * M,: mean of off-bit intensities

0 10 20 30 40 50 , . o N
Hologram * o, : variance of on-bit intensities

2 . L s
* 0, : variance of off-bit intensities
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Image distortion detection (1)

X M blocks
Zero 3(’
: P S 3
distortion [T — —
Y N blocks
Pincushion N 5(:1
(or positive) X2
distortion
2n+1 2n+1 2m+1
Barrel _[ (2— ) ( )](@2- )
(or_nega_tive) 2 1 2 L omad
distortion +_[)_(, (2- n+ )%, ( nN+ Y1 rlr\1/|_|_ )
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Image distortion detection (2)

RS0 e o 2ES ot
x | 216 | | x | 382 | x| 547
Y| 373 M 374 | |y | 370




Imaging System for Pixel-matching

= Imaging system
Relay optics: data page scaling for detector
(SLM pixel size: 36umx364m, CCD camera pixel size: 9umx9um )
=> Aberration suppressed

Reconstructed beam Group of lenses

/ / F;J'rmi‘er lens _J' Ji""" J ‘ ..
#@ylindrical I'gn-‘ - N
ofa "k iflie

oy . Gr?dp‘of lénses
] ] [}

\._CCD camera
o\ \Cylindrical Lens
Lens

Designed imaging system Realized imaging system
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HDS system

HDS specification

Angular multiplexing (extension possible with spatial multiplexing)
Data page : 1/16Mbit

Storage capacity : > 100 Mbit (1/16Mbit x ~1000 pages with extension)
Data transfer rate : 1Mbit/s (1/16Mb|t X 16 frame/s)

vl v
4 i
! I 2
Beam expander, — Q

& @eference bea,w” o,
Q Lens?2
Real |Zed - A Q “lris: Spatial filter
{ Len
HDS System Ny

\Rotational stage
!

iy
: 7
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Near-field Hologram Storage

Object
(fiber tip of
the NSOM)\
Object wave " ¥
(light from the
fiber tip)

Reference wave Retrieved wave

Photorefractive
crystal

Photorefractive
crystal

Recording Retrieving
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Field Components

Air Photorefractive crystal
1) (n)
Ko>[K|

~1/1K, |
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Milipede: A Complete Scanning-probe Storage System (IBM)

Possible Alternatives to Magnetic Data Storage

1016
10"
1014
1013
1012

1011

C
=
wn
=
L
il
=
w
b
o
1]
-—
1]
(o

102 10 108 10®8 10
Data rate (bits per second)
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Milipede: A Complete Scanning-probe Storage System (IBM)

Cantilevers with integrated write/read/erase functionality

Multiplex Driver — fast tip heating for writing/erasing

2D Cantilever Array Chip
MLUX — highly sensitive sensing for reading

Dense and large 2-dimensional cantilever array chips

— VLSI of Micro/Manomechanics

CMOS write/read channel electronics
Storage medium Cantilever array — CMOS chip interconnect technology
on X/Y/Z Tilt scanner Polymer medium definition/synthesis
Micromechanical X/Y scanner
Servo control and navigation of scanner
Error-correction coding
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Milipede: A Complete Scanning-probe Storage System (IBM)

Thermomechanical Writing Thermomechanical Reading

scan
direction

- &F Ly

\_-_

resistive ‘I-v./ m
— £ '

substrate

Less cooling

More cooling
by substrate

by substrate => T 4 =>R 4

ARIR ~ 107 per nm

"Millipede”-based Storage System Architecture

DETECTOR (d.k) ENCODER/ INTERLEAVER/

L DECODER DEINTERLEAVER
[ |

]
MILLIPEDE WRITE DRIVER i}
Ball MICRO-
CONTROLLER
or
HARD-WIRED
SERVO &

LOGIC
REC MEDIUM TIMING (servo compensator. EUAARR (ALY

defect mapping,
power management,
temperature control
special commands
SCANNER - ) e
DRIVER INTERFACE

INSTRUCTION
ROM or FLASH
(for ucontroller)

HOST DEVICE




