METHOD AND APPARATUS FOR THE MODULATI ON OF

MULTI LEVEL DATA ARRAYS TECHNI CAL -FI ELD OF THE | NVENTI O\b‘ 8202 -3
The present -invention pertains in general ‘to the preparation of‘data for -
storage in multidinmensional nmenories, and nore particularly, to th@OJ@

nodul ation of nmultilevel data arrays to gake them suitable for storag@wi n
mul tidi mensi onal storage nedia. 10 BACKGROUND OF THE | NVENTI ON
Conventional serial bit-oriented information storage devices are

approachi ng their phyETHOBIAINBGAPEARATY FORTHE MODUBATION OFal st or age
devi ces havi ng novel recordin ' storage, and parall el
recording and retrieval potenwgﬁ‘rar@{/ e%%?%gglgspl ay hi gher \;)t)orage 15
capacity and transfer rates. In addition, when one recorded synbol is able

to I gREESRIEATBAFLDI P THRE pvEN@|DNene bit, nultilevel data storage
may be able to push the storage capaci tétantg@data trans&ﬁi ra%te even
hi gher .5 The prespntdpventien psgainsin ganeraltorthe RraPRLn offiafa for

Lru: tipl eﬁed storage in hgilﬁﬂim&&ﬁ@@.apﬁiﬁr@d;]ﬁ@s, landdhbfeep@niculaiyto thel umals wi thin
ol ographi c 20 redi.a rom.whi.ch t he ter can. [ ently
retrieved. PA ulation of mgiqlgml\gﬁaw LSV |t§8'&%h$d@‘§ & g‘i“é%/)@fa f?ﬂ%ﬁg%es % he data

transfer rateultidimensional storage trelddgyr aphi ¢ st orage a si ngl e nonochromati c,
coherent beam of |ight i s preprocessed and passed through a spati al
| i ght nodul ator which is controlled by a sequence of digital data
ar r aysl0 The BASeKGROIINDOF THIRENVENAION  of a 2-Di nensional array of

DLX? S ﬁ?Ch of Wabgabeh@Snal sadial bitb@énted\iftforfiation storagerdedfiédiese. The |evel
of brightness,

O e iciie Bunebue bl ot et oo >
carries t he derfaes imtviginoveltibeordihg nhehanising, aedundgnstorage ahdvmraldginbol s.
0 rout o SoLSATASSRE ARG ORRTRL iy RSB el iRghcyr o7 0
t ransfBr m r éppecienard tramsigraefest Inr@gljtinaywmmmre@ﬂrdqdesymb@l isade telat a
array on theesRabh@nahyWis ARKH thhA one/bik a1 iR vENd SRReSALe hodyBEAbI1€
spati al I h]%gt s%gué g;tlor ,{andtbcﬁ]ggt r e‘g%fg{‘ pa eré%gl H‘rln tor obt a!'___[l_./t hga
Fouri er trat@Pysmhine §€ Capgdiy & atal Finghelesyl t.i hg signal
beam i s interfer ©hewich torgbeleRide feebadeitderheion as multigfk_&xsﬂ near the
recording plaRSrerd % NS i UibrteHt ' BhENSH RS Wih Ribgiphic
20 media, from which the patterns can be independently retrieved. Page-
oriented recording and retrieval improves the data transfer rate.
In holographic storage a single monochromatic, coherent beam of light
is preprocessed and passed through a spatial light modulator which is
controlled by a sequence of digital data arrays. The modulator is in the form
25 of a 2-Dimensional array of pixels each of which has a particular level of
brightness. The level of brightness, g, at a given pixel location represents
log2 q bits. The modulated, light beam exiting the spatial light modulator
carries the information of the multilevel data array as multilevel symbols.
In Fourier hologram recording geometry, the signal light is the Fourier
30 transform of the light exiting the spatial light modulator. This Fourier
transform represents the spatial frequency content of the multilevel data
array on the spatial light modulator. A lens is interposed between the spatial
light modulator and the recording medium to obtain the Fourier transform of
the light.
35 This resulting signal beam is interfered with a coherent reference beam
at or near the recording plane. The resulting interference pattern has bright
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2 bands where the signal and the reference wavefronts

constructively interfere wi th and enhance one anot her, and dark
bands where the wavefronts " destructively interfere and cancel each .
ot her out. The interference pattern i's then recorded as a

3-Di nensi onal hol ogram 5 in a hol ographic recording nedium as
variations of the index of refraction of the medium The pattern of
the resultant refraction i ndex change has a hal f period shift with

r ez pect ht 0 }Haﬁdis wlgarréethe@tgexabahdet?a reference wavefrontSiconstrubtivélyl i@ﬁmﬁﬂei ch
medi um has fi.yt am c range inde | e brighter
the int erfer“élﬁfaggf}a%{heapﬁgioél? Bg‘r?éﬁ%rr’ Saﬁéi% rg%:gnldgﬁl}fg% ?%%Wf%fegapﬁ%ex w | |
change, and destuttivelyi inderferersatgeancehgaclwpthermat! eft. |f the input

mul til evel synbo | | enh v i the. ,

i nterferenc ey pat ltrgs 2{1@@&%%@&{5%@%%%&%@#1 Qis? ae?”ﬁ rrgtﬁle&tsﬁ%r{a?glg é)(? ?ur%1

medi um5 | n dhRshaogipbineeqoad g wedie, py verationgektheiindey of sefraction ofi I ter
whi ch nmakes th&endBGEH. 0TRE pafitdrs BF SRS Fdsubtah P feffditich fndek dHAREE Hastal 1p41f of the
15 . original, i,n ué IT,UL'[I I ev?l (’tiﬁta ar%g%/. The multil evel

i mge pages P&F‘é’drsg’d AEHR JBIRRFLEY the FURTISERISS Patiren recorded hol ogram
with the origi naBincefthedrnieglapaie arediaei kst finige diyaamic range efbitdeik ofi t h a
mat ched 2-Di, A - . e
Coupl od dey raaactdithe HiluhoOhRTERELE philehn 14 U6C pflton the rotfOBHT,
t he detlect edndermyill change andthegiesninday changeapngawibdedetiodé the input he

data n¥iltiddvel symbols are not &'Bh@l@ﬁt%ﬁ"év@nf} i Boedaaeerds thee nodul ation
depth of the erfefence bet ween tf}ﬁwm](‘gerence and 't hg signal

I N .
beams. The ABGIeAeRcHPieFwill have Peﬁfﬁwb& afjyrate,the tecarding ratio

get ween the nﬁ?muhﬁaﬁﬁthi?légéﬂf ﬂ¥eeintmifé11©g§5 proceésgfaced likea do@xrllﬁllé@r Fidflelr O -

et ween Sl gnal. ea a 1 e I erence eqam qguril n | t [Lecor ng w

Poeurt i b niich TR e r ol g AR i@ A a true reppalfiutiy o e

i mage.15 origisNNpRY noHtilave] davEATaPN 30 The invention is a

nmet hod of nodul ain ' . ' '
ThB%HlibbeIhige B, 81 RXPnblficted by hRiddE 4R | L

mul ti di mensi onal Storage nmed 2 ]
st eps: recorded holegrapmy,wih theconiginaheaferesice bepim arg detegsing ther ay i n

whi ch each egddotitiwith a matcHedS2-Bifvisivaal 86y Of phideo-Autdctbi@y Shclyas ues; 35
generatng 2y LILS{El acnteng OF eden bl Lol D S8 fom
20 the detected image, and the original data array can be decoded from the data
array.

Holographic storage records the modulation depth of the interference
between the reference and the signal beams. The modulation depth is
determined by the relative ratio between the two beams._Therefore, wide

25 variations in the ratio between signal beam and the reference beam during
the recording will result in wide variations in the intensity of the
reconstructed image.

SUMMARY OF THE INVENTION

30 The invention is a method of modulating multilevel data arrays for
storing in multidimensional storage media. The method includes the
following steps:

receiving a 2-Dimensional multilevel data array in which each entry in

the array has one of the multilevel values;

35 generating a multilevel sequence of random numbers in which éach
number of the sequence has one of the multilevel values;



3 performng an arithnmetic or |ogic operation between

respective el ements of the data array and respective random-nunbers:
of the sequence to preduce an internedi ate data array show ng -
non-correl ati on and even distribution of the multilevel synmbols. 5
The nodul ation is based on whole arrays @r pages of data rather than

subbl ocks. A g-ary conplenentary nethod nay be used in
addition to equalise the energy of the internedi ate data array.

The sequence of lpaffdeminéglahemhmyicgﬁ lggﬁeim'eﬁ?mbbngem f‘ezlpﬁﬁtiae 10 and a
seed. The se n [ odu 0 r e
e?%lrfxeﬁﬁse&gtég dfata %Plj’ayqan%eresﬁg#ﬁge {aglﬁg 3 1 baerp 5f Ithe se%%engg nt8r at ed

present ation S ciuence may
usi ng the f@rpducegnfintermiediate data array showing non-correlation and evep[ err]

=(aZ : 3 dul , th l[tiplier), c
(e il b i ) 8 e Bl
u

] seed) are non- ne%gtive I nt egers.
The rarfdom sequedde magulssionyishesed sagvhelearzaysarnpages of data sther than

random nunbegpblttksnNg the sane size as the data array. A
nodul o-q addition operation may, be perfqrnmed, bet ween respective
elements of the dafSTGFPIPIGMAN{ATE TrieriBoE Pe dspdyn goR ik S LI s (o
produce an ithtenerg)i oft thedatarnsediale ddtawrrag. non-correl ati on and even

di stribution of 1 ]e : ls r i3Le array
may be checked f E)Il?l%v@nggp %%Jr:e ¥ﬁearn?¥)ﬁqsf hgr}%eers may be g.%xll?r]a ge:agﬁégggae{ﬁmg{él 5t he
number®0 of dinflfaeseat. The sequansie mayibelrepraducetarsing the forpBula bydihief er ent

seed is feeqbiiftalibg of PEIQeBIUMDEr generator instead, and anot her
random dat a arra;f I S gener at ed. Severgll di fferent se{e]di?ﬁre eng)ugh to
Z )

modul ate the mul HiedeRACHLISYUEPEE AL, goRetated using t Pwingtormula:
The frequent and random transiti gpns=(aEf Weel(mdiemjul til evel data array
synbols of different levels, in either dinension across the data page

avoi ds 30 peaks in the recording plane. In other words, the multilevel
synmbol 8 i n tvleere m (the vhadales)r aythermultiplien) bai(thd inomnignthanmkZy (the whol e

data array. . . gay be encoded in a multilevel redundant
format whi cﬁe?:czli)nme non ne%%ir}%a@?%grlg?s. It may then be appended as an

addi tional col unifherrapdam sequence mashee Heasfoamed iate aynuigevel array of
Not ably, th@agdéin BuhbEs hR8hE tRE s&helsi 4Pd¢ RtRlarfly. t he present

A modulo-q addition operation may be performed between respective
20 elements of the data array and the multilevel array of random numbers to
produce an intermediate data array showing non-correlation and even
distribution of the multilevel symbols.

The intermediate array may be checked for whether there is large
difference between the numbers of different multilevel symbols. If there is, a

25 different seed is feed into the random number generator instead, and another
random data array is generated. Several different seeds are enough to
modulate the multilevel data array to have frequent transitions.

The frequent and random transitions between the multilevel data array
symbols of different levels, in either dimension across the data page avoids

30 peaks in the recording plane. In other words, the multilevel symbols in the
data array are distributed evenly across the whole data array.

The seed may be encoded in a multilevel redundant format which can
combat errors. It may then be appended as an additional column or row to
the modulated array.

35 Notably, the entire first portion of the modulator of the present -
invention does not require a conversion table, and a large memory is not



I nvention does not require a conversion table, and a | arge nenory is not

4 - needed. The only informati.on that may have to be stored in the
nodul at or is the index of the seed to be used for the random nunber -
generator which is built inherent in the nodul ator by software or
har dwar e. A control data argyay Clerr], may be generated, where
the elenents of it are 5 (g-1) for the first ii elenents, in a

r ow- by-row readout order, and the remai nder of it is '"Os'. And

sel ecting ' ineeded. Thatonipdnfamatidrpthiat anayaliavesto be stored im the atbdidatog t he
formul a: . . i — ) r] |
0 ¢ .10 index,af the sged to bp sed for the randolh bt ackiofitbt which £
synbol s in thwélt inherent iy the FIEJﬂéﬂaMtke[_ sedtwargrprdiaadwar-ddl e | evel val ue.
When the energy iaScontrgl dat& aBREANL, H‘%@@ péRbiaAbd ORBetdtheemdhtLoPRiMEEN

t he si gnal gezhn ang ref erence " : eab are a%/én ded during recording. 15
An i ndéx megdthintdhe direhi clemeatsein aiTpw-by-faw 1P Wréﬁhw@‘g%| s have
been conpl erermbatierafdt 110%". | AdRXseledtime i botied whenehloutpunagay ie

nodul ation i s bas on the Whmf?fl arge data page, the redundancy is small.

e
A final rowPARAUCES BFtREIE fREBRY bt “array may be used to store the

I ndi ces used to indicate the seed information and ii of the data array
Cerr]. 20 Since the nodul ationyi s based gn lt he whol e data page, the
size of the row and col urm u8®d to™recBr'd this nodul ation

inforn#ion is large, and redundancy protects the information from
burst error $hen the output array’Basd sét & th YRe 5@l Wheh Wl &leSRyrBElYliAtthen
process descri %ﬁd ejo fali1 a cQ 1 nled qul anx with the foll ow ng
transfer fupdyitilevelslata have an exact middle level value. Q;Eé}pt; prenggis, 1 -
Vi err] [errkohbtant, wide vdridtions in the ratly He¢eweoplthy eignal beam and referehlee
nodul ati on nj A . .part of a process for storing 30
pages of dagjgg{hnérg%ﬁﬁm%iaﬁgﬁgﬁg%%ﬁ"ﬁgmr ies. In particular the output
array 15 may Abeindswsdnay indinatedtheavadpeiof ', thatis howdoary symbets hascor di ng
the output peepn conﬁﬂéﬁ‘ﬁén‘téﬁ,wdoﬂﬁéﬁm& SiPh@ B89k dvell. Since the Feedback
may be applied. during geco(i:ldl gg t megége errors | R t h{ . process. The
f eedback nmay® fign 15 8asadchen she whle largedata pags. tharedundangy is small.
A final row and column of the output array may be used to store the
indices used to indicate the seed information and ii of the data array G;.
20 Since the modulation is based on the whole data page, the size of the row
and column used to record this modulation information is large, and
redundancy protects the information from burst errors.
As an alternative to the two step modulation process described so fara
combined modulator with the following transfer function

25
Vout = Ici,j -Vin ® M (q, Zo )|
may be employed.
The modulation technique may be used as part of a process for storing
30 pages of data in a multidimensional memories. In particular the output array

may be used to control a spatial light modulator for recording the output
array in holographic storage media.
Feedback may be applied during recording to reduce errors in the
process. The feedback may involve reading out the pages of data after they
35 have been read in, and comparing the readout with the input data arrdy. If



35 have been read in, and conparing the readout with the input data

array. |f : . . 5 :
there is a large difference between the original and detected data, the- -
recordi ng may be conti nued. It is an advantage of at |east
sonme exanples of the invention that the 5 resulting multilevel data
pages may be stored in a hol ographic recording 5 medi um whi ch

el i m nat es uneven distribution of light, grey or dark regions in

ei t her di nendieonisa taage differctiat depageas theboriginaband tdetdrted aaty,ftheence
nodul ati on d]%%ﬂhhg IK%%? rﬁghﬁhhggl y uniformso that the distortion between
ge "and :

the input data page e reconstructed data page is mnimsed.
It is another adJhinawadwintage péatleagbsame gx ofihe invertipedbat thet a 10

pages may hawguRShiiMfilevBPasA Wrﬁ%&sé sfired 8 o ma%ra%ti@raﬁﬂ&n%ont ent.
The energy is defined, %s the s tion of fhe valye f"the total

mul tileVel mediumgyghichgliminatesygeven ffﬁéflé%?’@?fxl& tigEe o8 GREKk BR8108S he
equal OIto tha“ln mﬂmh lfdimensiohxgh:bmtsbﬂwﬂml Pages. #3ad tealuld ﬂhh@flhté’fﬁéiﬁhaé orfa{ﬁ
turned exact on. t is to,. ..say that, .t upmati on o e
val ues of taﬂiﬁggﬁa&}‘zﬂ%‘fl&t—ﬂaﬁf gz&%lagaﬁlgl u?‘é‘;‘ijéoggaf thes(ﬁﬁf?éﬁggr?e&wgﬁnall t he
data array ioput dam page & rechasktuate atpage is minihikdde | evel .

In a second aspegi; ] | | |

including the r eg{elrsse&gpgg%&{’%dt? %oggaglggﬁ(;rglbgg%gg%%%@ ha? hifilevel daltan
anot hell0 aspdRages tpay havereRgant energiaagardiess of dhe inpry datp Rgge gontent.

nul tilevel dpfideRérgg}s defihed a@th8 GuiiinAtibh iofl the 0gheB Y thé estaDmulfilel

nodul at or i ng¢l udes: a data port for receiving.,a 2-D nensional
Tl i Level | dEAt ARy symbpls. The engigy maydbamadulgtel ool Iy haRwBAg. of
the multil ewd] theapixeds on spatial light modulaattia® tiumd exgaiehalf on. tDhacieapat e a
mul til evel ssegt{gng%hof 25 t‘or%ﬁfﬁ?m nté\re}berfgléi &é\/\ﬁiicth each, nunb?r f the
seqguence hasgneof f Re Lmaton & VAR P VAT tg dla artay 1s equa é%ﬁ%euti ng
means 1% persusnmationawhemabtthe data hrrgy syopelaarecassignedatorhave an exacspect i ve
el ements of hhgydateiarray and respective random nunbers of the

sequence to produce an internediate data array show ng non-correlation and
30  even distriiB@SesAnd@spee. fg invealion lémts@d of demodulation The

conputi ng neackidiny thé sevdase alelpe tb ehowy dewciibad Glbaky. conpl enentary
pethod Lo auelt 36 WU EEEN, o e LI SL TR A\ 081 SLaline
used t 20 genenaltdevelndatmantaylsdos storing innmnbiding rstiond storage odre t he i nt erval
modulator includes:
a data port for receiving a 2-Dimensional multilevel data array in
which each entry in the array has one of the multilevel values;

a random number generator to generate a multilevel sequence of
25 random numbers in which each number of the sequence has one of the
multilevel values;
computing means to perform an arithmetic or logic operation between
respective elements of the data array and respective random numbers of the
sequence to produce an intermediate data array showing non-correlation and
30 even distribution of the multilevel symbols.
The computing means may also be able to perform a g-ary
complementary method to equalise the energy of the intermediate data array.
An arithmetic linear congruential random number generator may be
_ used to generate random numbers with uniform distribution over the interval
35 [0,1]. :



35 [0, 1]. 6
The random nunber generator may use a fornula and a seed such that
. the sequence may be reproduced using the formula by the presentation of the

seed. The random nunber generator may use the foll ow ng
formula: 5 g Zlerr] =(aZ[err] +c)(nod m
where m (the nodulus), a (the nultiplier), ¢ (the increnent), and Z err]
(the seed) are non-negative integers. The conputi ng

means rr?y be abl E‘htr?gahdaﬁmﬁmnhet Bend¢ratsiomap unnqberfoﬁxﬁu(lja amnd a seedsiuchlthuel
t t : .
The. omut | RS REAHG e DAIRPEO o BEFof R e boc i esrypuiof Sr e

oper ati on beeegen respective elenents of the data array and the nultil evel
array of random 0 dig 198 ook A)a1$:NOW ng non-
15 correlati ogﬂgﬂgﬁésfé’nngﬁ]%gygguﬁagén o?ilr{'ﬁ HéF(t)l evéfj{rO ol s.

The corfputing means may be able tZ@-dﬁgck‘*'tCH@lqdnﬂﬁrrredl ate array for
whether there is large difference between the nunbers of different

mul til evel nbol I f t rent se into the

r andom numbdyhere m?él apé‘tﬁr ?ﬁf‘t itlpliqg Hﬁ?ref%‘?t&b ’Hﬁa?ﬁ‘rﬁr ay is
gener at ed. Sea@}aierﬂﬁlnegainie‘mtegursseeds are enough to nodul ate the

(T(;l’r;):,l![ Ie\r/]gl m‘gg%g %ﬁg}%{acb rﬁ]g%t:i‘xzél fheans mecliye B% QHHE t&&ﬁﬁeﬁhtthﬁrﬁ?dom] number The
r edundht fantea@ nwit@vedanra@mfﬁandem@um 81& hawipg tthe samepézrias e dateoded
seed as an rS{tlonal colum or row to the nodul ated array. 25

Not abl y, thee e first portion of dula or of the preaa

i nventi on does naNeOFRPYENGMEGHSdRAY ﬁab iwanama%@% ioR s not

needed. The opakatidbervradn fé@gé&ﬁre aﬁméiﬂyef um Betasdredyeand thé Reultbskdl at or
is the i ndex of thrﬂ}ﬁgaeed

d for th d t or_whi ch
E oaray SttRBRER nhiRbeRy B an BySEhi s deia ol ne ©
The cormput i egrietsticn any elven alisteibutiopesfethatreuktileveltsyntbalat a array Clerr],
wh he el
ere the e e”em[‘fxe%fogkoéhlt?ﬁogg{e%n%)ln%fhﬁtagf‘e id rflﬁagk the fmfelrﬁ{@né% artdy %n 4 t he

r ow- by-row
conputi ng muekethenihere is large diffeyeace Hetwees the numberﬁ ohaif fewaréhmme gviehal

nodul at ed oyybolglatfahafd AY aidSfferent seediPfbea g td S thridden homBEra:
generator instead, and another random data array is generated. Several

=

20 different seeds are enough to modulate the multilevel data array to have
frequent transitions.

The computing means may be able to encode the seed in a multilevel
redundant format which can combat errors. It may then append the encoded
seed as an additional column or row to the modulated array.

25 Notably, the entire first portion of the modulator of the present
invention does not require a conversion table, and a large memory is not
needed. The only information that may have to be stored in the modulator
is the index of the seed to be used for the random number generator which is
built inherent in the modulator by software or hardware.

30 The computing means may be able to generate a control data array Gy,
where the elements of it are (g-1) for the first 'ii' elements, in a row-by-row
readout order, and the remainder of it is 'O's'. And the computing means may
be able to select 'ii' so that when the final modulated output data array is
produced using the formula:

35

oul | C V‘in i



35 Vlerr] = |derr] - V[err]]|

then the final nodul ated output array has a sumequal to the sum when all
the synbols in the nultilevel data have an exact mddle | evel value. -
An index may indicate the value of '"ii', that is how many synbols have 5
been conpl enented, and this index can besstored as well. As an
alternative to the two step nodul ati on process described so far a

conbi ned nodul ator with the follow ng transfer function

Vlerr] = |Cerr] - Verr] [err]g M(qg, Zerr])| 10 may be enpl oyed.
The nodul at . r '

data in a mopelore dhet B ARttt afta U oo Pl O RBHRINGR 4L
appl i ed dur ithg systhelglimthe mudilevel datanhdveran egact misidde descel dalue.page in the

storage medi a. Thg, {iRRAGAGY ih@RAt e VdIM LY 81!, that is ho®AHARP sPHbAld Rages
of data after they have been rea}g IL.n, and gon‘?arl ng tgg readout with
the ingut d 5%%}55@14@@ and this index gan Be stard R8avellt ween the

original and det agtafaldanativehe the ¢Rbditéld Myl S6en PRycdss dessiibedied far a

A further as Oeﬂt.ng%d{tﬁg?% %ev%thqcﬂe'f(s)llgwn?gnﬁgﬁgt%%ﬁﬁg aving the reverse 20

structure a tage of sone
exanpl es that the nodul ator, and denodul ator are easily inpl enented.

It is also an advantage that the mogul afor, iy se errors and
i ncrease the accuracy of the é’t“aﬂgag‘bs Pe@a‘{iﬁ%gﬁ%glarray of the photo- 25
det ecttthg el enents thereby reducing re-read operations and increasing data

access spee@fay be employed. !t is another advantage that the design
par anmet ers redqui zld t 0, ensure t he a?cyracg of .the data stored and
retrieved from t h@eHBPdplRtommay hedised as part of geystemn EYHaring Pagae %Exanpl es

of the invemtatodin a3fultidimensional tmérmoyies. anot her advantage of the present

nventt on L MR8, kack oop MRS A SAAATRER e ABLERHLCT,

exanpl Bs of re¢rrded\data ipage i the storage media. The feedback loop may involve
reading out the pages of data after they have been read in, and comparing the
readout with the input data array. If there is a large difference between the
original and detected data, the recording process may be continued.

A further aspect of the invention is a demodulator having the reverse

20 structure as the modulator.

It is an advantage of some examples that the modulator, and
demodulator are easily implemented.

It is also an advantage that the modulator may minimise errors and
increase the accuracy of the data pages read by the array.of the photo-

25 detecting elements thereby reducing re-read operations and increasing data
access speeds.

It is another advantage that the design parameters required to ensure
the accuracy of the data stored and retrieved from the holographic medium
may be eased in some examples of the invention.

30 It is yet another advantage of the present invention to make the
subsequent equalisation and data detection easy and accurate.

A yet further advantage of at least some examples of the invention is
that modulation codes may have no error propagation if a random error falls
into any position in the recorded multilevel data array.

35
BRIEF DESCRIPTION OF THE DRAWINGS



t hat nodul ati on codes may have no error propagation if a randomerror falls

Into any position in the recorded nmultilevel data array. 35 BRI EF
DESCRI PTI ON OF THE DRAW NGS -
8 An exanple of the invention will now be described with
reference to t he acconpanyi ng draw ngs, in which: FI G
1 is a schematic bl ock diagram of a hol ographi c storage system

FIG 2 illustrates an input 20 x 20 four-level data array V[err] to be 5
modul at ed; An examplel &5 tha 1hivémﬂsdm atilsnaw be des2fibeld v tiarefayerdecto

Z[err]) Wi t Qh@aﬁ@&?@ﬁhgn(; (?(raa‘ghgé rih Ry ic?x” of four-level synbols;

FIl G is a sche a nodul at or which takes an
i nput array and FHaul &t @ schemafie Ibl%ﬁlﬁétaﬁl%mrﬂéyl helogrephic sioaeBMEYHS™S i buti on

10 of multil eFﬁd; 2 ¥ITRéthdtes an 1nput 20 x 20 fﬂu@le%l'cﬁat@hf@y W esbk at the

out put of t he tor of FIG 4 FIG 6 is"arfay Clerr] which
equal i sk HBO‘EE’@?P@@ of the array Vin; FIG 7 is a schematic

bl ock di agr am of FiGnddllhstiates alBoch 20 aleés amay M(q, Z,) withud raarday and
nodul at es 'td1¥¥'r1tb 1%1nq?fa{8¥‘ ?g\,eq@g,ﬁ%oﬁgﬁpl enentary met hod; 15 FI G

8 is the fina FIG 9 is a schematic bl ock
di agram of a nodflG@tbis eﬁclampaﬁ& heckodiagram of a mopduelator which thkee camd

modul at or's inpﬂ Sraf aﬁaqngaﬁaéés 1{3&% g @%aﬂfwéﬂg ﬁlrandom digﬂ‘tlmoﬂ S

obt ai ned; an . ustration
undesi bl e obzapldierel symiwls; nultilevel synbols. DETAI LED

DESCRI PTI ON OF Tﬁﬁ;ls\lﬂ{& ' at the output ofB@é ﬁ{dddlﬂtoﬁi@m@ 471G 1, there is
illustrated the raphi.c storage system which

e
is operable to 39@3 é?%?rc’)?ﬂg‘{@’mcpr?qélak‘ges th“n%’? §Y8E %3%8391& ng medi um 30
and extract that FHat#is a schematic blockMdiagsam of laghbdatammcwhi:ﬂl tpkesaat es a

| | h
Lo the z‘szi’éﬁéﬁg@ﬁhﬁr. pEAREA flites it with o BV bAGACK] EdmplEmEhERTHEY: 0]
beam i ¥ t hen spl FIG b@l%ﬂ@(fm@rmp nlatedemmayspl i tt er 15 into a
reference beam 161@nglisa stkkahtic ‘B![ocqﬁbdli% Ivamléﬁﬁrﬁuéaula%@r encompassi 7%ﬂ@th's' gnal

beam 17 then sses hrou h a s m f or op
expand and (FB?? E‘HQP fﬁ@’éﬁﬁ’ 1F?I El%g‘gﬁg %xf}&ﬁhgﬁt a combme
output is obtamed and
FIG. 10 and FIG. 11 are illustrations of undesirable patterns of
20 multilevel symbols.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to FIG.1, there is illustrated the general scheme of a
holographic storage system which is operable to store information in a

25 holographic recording medium 30 and extract that data.

A laser light source 10 generates a single monochromatic, coherent
light beam that is directed through to the appropriate orientation by a beam
steering assembly 12. The beam is then split by a conventional beam splitter
15 into a reference beam 16 and a signal, or object, beam 17.

30 The signal beam 17 then passes through a set of beam-forming optics
70 which expand and collimate the signal beam 17 to become expanded
signal beam 71. The expanded signal beam 71 is used to illuminate an
information-bearing spatial light modulator 50. The spatial light modulator
50 has a two-dimensional array of pixels which pass, partially attenuate, or

35 block parts of the signal beam 71 according to the values of the pixelsin the



signal beam 71. The expanded signal beam 71 is used to illum nate an

I nformati on-bearing spatial |ight nodul ator 50. The spatial |ight nodul ator
50 has a two-di nmensional array of pixels which pass, partially attenuate, -
or 35 bl ock parts of the signal beam 71 according to the val ues of the
pi xel s in the 9 9
multilevel data array. A shutter 40 is used to control illumnation of the
hol ographi c recordi ng nedi um 30 by passing or blocking the |aser beam 17.
The spati al nhilgtlevelstiia atray. F0shnternd@Firunsast ta eenisdldtimmisatiosdfthe

l'ocated in g, hEHﬁ:l re%@%ﬁhﬁ?%@ﬁﬁ?x]ﬁl I%g' rg&@lﬂ%a&e&lo%ﬁﬂf ejlgséi""t%a

hol ographic-rec | ocat Its focar | ength
di stance from bofl etSﬁétlglphshfamom prﬁﬁaﬁﬂeﬁ Beurier Hapst ph@ IgBF §§ PN C

recordi ng rr@@ttat@@l@ﬂthér bignEDbéarﬁr dth dasiesintied latsbﬁsém@htwcaxﬁi theout i on.

t t 0 f d
P05 o0 Mol st Rnabibd 3y AT Pl 16 TR 2.
| ens 55 t hudlstahees friohebpti the s;miraiérgh(bﬁmbdldhtor\ﬂﬁh mtdhdmhelogr&pms pat |h al
l'igh s themto
t Ihg thoI ogr ap‘ﬁ&}}qHjlg%fyal&IQl . ﬂnl%%{r?g% e tﬁ%%ﬂﬁn%f {Hﬁg’l %}fta[{)igg%sﬁt?@ ch parall el
beam cor r es p@pesed on the 31gnal ibgam by an%fmt light mﬁd@h@ﬂw Yhis formeddng xel s of

the two-di ngagigaRadd ﬁcb?d’m%fsectlon of th&@®o l"i‘1|c ﬂeb&k@lﬁn iahP80 5Q‘heThese
i ndi vi dual &eams eco beam 15 lig arrive at di ff t angl es

at t hetthol o otRes iy bRt SaFas of t@lﬁbrﬁ ongssfrem §pat p at
t he recordi mgoddatir®u ﬁdivh%lh Ib@afrﬁniﬁliglﬁ%@ﬁrdimgs them to thediolographic

| .
i rected by e HogiiR fthad eflel hesthe: BRaR AR ok CotBsnamtis oanas
and 20 c bight banemittad thefugheomeobthenpikelstaf the dumed iengrevioieal aredyeobnce
beam 76. the sp&@élqgégﬁrﬂl%fa't &K1 eéesuﬂﬁmtﬁx\é?ge%% ‘H&éaﬁie gﬁgq)é%?ﬁl e of

t he reference roug novengnt i's way

the re¥Ber end@ Bdaprive at diffgeapdfangias atd p|h®%rﬁah1mcmfbngéa@dmm@0s ection
of the hol oicapérts 55 €PbG4p at the recBRUing Fedfioh of thaRERBraphieebsHingd 1 S
used to cont r(%{3 i tl{ m nation of the 25 hol ogr aphi ¢ recordi ng nmedi um 30
by passi ng 'ng the | aser beam 16. Bot h t he out put
reference beam 7'6‘hamelfet‘é1mei etirw 16y athitle dneplthyf thenbeam splittebd5Fisuri er | ens

55 arrive s H%H&f‘ﬁﬁ oS (ﬁ\% %5 SE{ 5F Bedth tfg'rxﬂﬂghca{}?ésrﬁ W}uﬁ:h ex a%dsI Ql?ril he

hol ogr aphi ¢ recordi
si gnal2®eancplimates éﬁ@@mwﬂm&mtg@eCOWI enna@dedse&m@mtmbema?}ﬁ expander
70, bl ocks Hgoglagdalulll Péﬁu}rg idbEHiBged by chanpffgOheldiigtd bPtheferbi@icBol ogram

An inverse Fourfer .tran | ens
Eeam 76 through movement ofs t?xe mirror 85. In this way the reference beam

wavefront 76 illuminating the recording section of the holographic recording
medium 30 is changed. A shutter 45 is used to control illumination of the
25 holographic recording medium 30 by passing or blocking the laser beam 16.
Both the output reference beam 76 and the individual beams 73 from
the Fourier lens 55 arrive simultaneously and interfere with one another in
the holographic recording medium 30.
Shutter 40, located in the signal beam path 17 between the beam
30 splitter 15 and the beam expander 70, blocks the signal beam 17 during
reconstruction of the hologram. An inverse Fourier transform lens 58 is
located on the side opposite to the holographic recording medium 30. The
inverse Fourier transform lens 58 is positioned at its focal length distance
from the holographic recording medium 30 and a two-dimensional data
35 detector array 90, such as a charge-coupled device array. The information
retrieval from the holographic recording medium 30 is reconstructed by the



| ocated on the side opposite to the hol ographic recordi ng nmedium 30. The

I nverse- Fourier transformlens 58 is positioned at its focal length

di st ance fromthe hol ographic recordi ng medium 30 and a .
t wo- di nensi onal data 35 detector array 90, such as a charge-coupl ed
device array. The information retgpeval fromthe hol ographic
recordi ng medium 30 is reconstructed by the

10 ref erence beam 76 novenent so that the original reference beam

i s'ddi rect ed reference beamlvs meméinmgo shet ﬂmrbr]ggmhmfémhog ;oaahl s dimaédigng
medi um 30 s to . ener e transformina of the recprde

hol ogram t h;{fﬂf‘g rﬁ‘f?@é‘f&eﬁ“ﬁﬁ’%ﬂ L ho o8t 2‘1‘%&‘%086“1‘&}8(@%%}6? 13 %sef)ect or
array 90 hasgeneeatsdhe tramsfatimimageabthearecaydedshologpran tthatisatiredted 4pdbe al

| i ght nodul "Hé%éctgp afﬁytdbatﬂlé ae%&:&l%%u&féé ?ﬁ%??ﬁ'é@%%x@ t%edlmensmneﬂ'-ﬂr}egj evel

data array out he spatia
control3er amt e@wbg SPﬂB@]t ligh @og}glqt%ﬁo godﬁ@faltbegtmé copresppnds to the e

dazI aI c?nt r 0|rhﬁ{t116€5)eltdétg alrfu@wu E@fﬂ%b‘ﬁ&ﬂ lig&ntrh@cglnéltgwm tted t oeé hio
noaul atl on uni 0 De (S
becones a nul ti | g/@?taa%&‘ﬁr@fj ’iﬁﬁf”é’ﬁs lgpﬁﬁﬁﬁﬁf&%’ Oﬁigﬁgﬁeléuigﬁ‘t ?% PPer 60

t hr ough dat dhbukt®?6onfrhller 6 dhednpdt data sdgeente dathendramymitied tethe

ELansm “edrrielgc(i)ﬁ %oﬁ%%ﬂ%% tb! b%%gﬁpija%&“ %eﬁ%t& @é@ﬁ&fbed@ﬁc?e 2idubdeq Duri ng

contro O recel ves ata array
out put 19 r ombecomes & melltibwa detacuray whicljs gotpyy te thedatacendirelder Gh

techni que; afgy 2aSud 21 Fhis mothldted $RERIIBGIIRED ah‘ﬁ? iShén | evel data

array detected ftomthe_ recor raphj c

e~ hol o
recor di ng rréaqllﬁ*ﬁnﬁ@ ati"?oF}’lPWé’aH?fgghhm‘%%k%ﬁoF éaéﬁrous% éatad’é’fseﬁgr Pyyingithg| ayed
on the spat irakoldighphavsithatdata E@nubrlelt Mél%oll‘éc@vbﬁdﬂfa alra outphtf fréfmence

d h
exposed r egitBe deielWraray bV Sl iRl E%ch%ﬁ%rﬁrﬁ%wrpnar%sht@e
st at es1®0 differanve bepeeealthe mgtlrhnlermitdaaa arrag@letadied frmithie mecqrdedess wi | |
continue ””Hidloglam in tﬁlé)gbl%%gfp}ﬂbf %]&Srﬁﬁ‘x‘f%xrgﬁz& Vﬁ?'a}?&ttﬂ‘@‘aﬁghfhgvréﬁftgb%fl‘ad

mul til evel ata’arra ori gl nal mu
array. This Gdapiteydlisplagedonghe spatial hsbhmoql@éaf@aﬁﬂr dbithese dvalaggef ornity

in the mult ld1ﬁh‘ﬁ4ndéﬁie&wlé@ﬁ@h@6§ﬁ P et the detected THEHTENRAS lth@ 1@1@@1‘-
over - exposed

readi n he d roller 60
Peet v g txraed esions ot the%los??énaaﬁépﬁséﬁe@&er Jroqpaling e StaHEE +hi s
data az0 ay tof theepalaabliglhiamodulamr 50. The rec@m‘shng pbecess ewitlecbntitihes until

demodul at ed AT ﬁvﬁéreﬂgiéb?e%é‘d be%w&é]ne Bhd fe%xqg%(i }rgﬁtx.lﬁ'vel éiatggrr ﬁ%n‘&“t put

t hrough dat er process ta controller
60 is al so éh@@ntandgdlqugmﬁh@uﬂ@bmbdmearsmtTbﬁsadﬂpta@ recorgitig45,

mul tipl exer t8éhmigdeldad BAUEE RLA-DRFARP I hd BAATIHVRY dTRAPAUE S prevent
under-exposure and over-exposed. : -
25 During reading phase, the data controlle1 60 receives data array from
the data detector array 90, and sends this data array to the demodulation unit
68 to be decoded. The demodulated multilevel data array is then transmitted
as the output through data bus for further processing.
The data controller 60 is also electrically connected to the shutters 40
30 and 45, multiplexer 85 and the moveable holographic recording medium 30,
for the necessary control of the hologram recording and reading processes.
The data modulator 65 is either a hardware or a software construct into
which an input data page consisting of one data array is directed. The data
symbols on the data page are modulated to produce the output data page
35 which satisfies specific modulation requirements. Here, the whole input
data page is modulated as a whole data array, in order to avoid the periodical



for the necessary control of the hologramrecordi ng and readi ng processes.
The data nodul ator 65 is either a hardware or_a software construct into
whi ch an input data page consisting of one data array is directed. The data--
synbol s on the data page are nodul ated to produce the output data page 35
whi ch satisfies specific nodulation requifenents. Here, the whole input
data page is nodul ated as a whole data array, in order to avoid the

peri odi cal effect in the Fourier recording plane which
woul d happe reffd@em tiheFoufet recording pldag avmabavaxﬂddiappéadmheh ehs i@puit bl ocks

to be nodul a or il evel data array,
V[err], the. a)?aﬁ?)lsf%ﬂ’r‘d?%%tp sdré%ﬁgb otks 16 beéﬁpé Img cijwn in FIG 2. 5

The constructi onT(ake zioﬂaam anput zmyltiievbl daﬁac&rm}dm the @0ixo20 tdumbeiel datael
synbol's wi I, fbed. First, an arithmetic linear congr uenti al
random nurrberlqig),\é ner at or | s used to generate random nunbers for th

uni f or A di st ri bulPgrrassluctina qfr@t@tﬂéﬂf{m’"@ ramd@m%mhmu@npémwée‘@éed to

%F—‘ner i'ﬂ e( azrsyﬁﬁfmai S80URAE Be AbscrBed .- First,iah shifthmetic linear congruentl?]l

err] =(az[err] +c e

Ao TSR b P B i ngea B ot H TR iy 13,

non- negat i vmmfmagdmubf[ﬁen ‘overl therietesval I[Iau] t Thehtcumsivg formjula (agd ¢or] +c)

15 is di \geggl%ﬁgyl 1%113?91 e%télﬁé[sgrzrhgga : e remai nder of this division. By

car ef ul oice 0 d c (o<m a<m and Z[err]<m,
given W seed Z[err], a sequence of independent random nunber is
generated which can be r et aduse! _,_Qy(rﬁc;}pngresent ation of Z[err]. Let
u[err]=Z[err]/m the generated random unbers UYerr] (for i=1, 2,

.) are distributed uniformy over the |nterval [0,1] 20 and do not

show any COfvledra trh §thenriod ubed) Na Pthzerhul hplsexy] @ghbhﬁme&ﬂi@ltwmmez (the of

:ﬁ;/glaof the(iﬁgltllevel ata,ngrrag/ g@qucﬂg}l}?aﬁ%ﬁ ibﬁ |j@\/82 _%‘%’gd

the ratsdom is divided dyumrael leaZ; be the serafindee of rtlrnﬂscohmsmmndﬁmcamfudance of

Tandom o st rBRt apaspmster B ek (s atpind ZCHL e shA o0 Y ©
referred tosaguaes oizndepppdenirangdoppnumber is gerxyatfst 'elhéﬁfh ayn |b§ shown in
FIG 3. Thi segiddditedas ﬁler@@%ﬁbﬁtdﬂ&utmm efz J/m, the geh8rHted SX¥fdoMat a
g;: % e?]yrﬁ Ce)lqt%lgﬁls &-&t(g)rdr“r]ayz ) are dlstubutma um?or?nly ovleg' Itlcl)g 1r?t%%a t[bolr]]
20 and do not show any correlation with each other. Assuming that the number
of levels of the multilevel data array is q, the interval {0,1] is divided into q
sections, where each section corresponds to a level. Then, the random
sequence can be transformed into a random sequence of multilevel symbols.
By folding it, a multidimensional data array of random distribution of
25 multilevel symbols can be generated. It is referred to as M(q, Zg), and a 20 x
20 data array is shown in FIG. 3. This array has a random distribution of
four-level data array symbols.
By use of a modulo-q addition operation between the input data array
Vi, and M(q, Zy), the resulting intermediate data array:
30

V'in = Vin @q M (q’ ZO ]

is generated according to the transfer function illustrated in FIG. 4, and the
intermediate data array, V', is illustrated in FIG. 5.

35 As Vy, is signal data, it must have correlation relationship within the
symbols. M(q, Z,) is a random data array, and it does not have correlation



Vlerr] and Mq, Zerr]), the resulting internediate data array: 30

V[err] = V[err [err] M(q, Zferr]) I s generated according to the
transfer functien illustrated in FIG 4, and the i nternedi ate data -
array, V[err], is illustrated in FIG 5. 35 As V[err] is signal
data, it nmust have correlation relationsfgp within the synmbols. Mq,
Z[err]) is a randomdata array, and it does not have correl ation

12 within synbols. So V[err] will also show non-correl ation and
even di st ri baithimsymbols. SVt wil alsotshiosw sbnspntetition ahd even iddstribnition

resul tant dalian@ih@ilbRIGHRMHE hefor that, the PEAPHakd Girsy I5cha@A for

di f ference between e nu eren eve

there is, avhethergwredadarge §1ffe@@c;erhe@)Wte%th@mamhem%ékffelsnt mltyjalrﬁélieét or

i nst ead, and;yﬁﬂﬁlbelf th%FéiBthﬁfféreﬁftfs@Md i1§f®ﬂrl?ﬂt@ﬂ%1ranﬂ%‘tﬁh@|mbe1
di fferent seeds n ul at il evel 0 have

enou t.0
T goerd  eopratorusioad hnd adbther fapdons falh ey 3 Sinarsioan SHEean & he
mul til evel dhffalemtrsayd:s srebaicughf to modulatdithé endtileved datsarray tehiaker

di mensi on agf age avoi ds peaks in the 10 recordi ng pl ane.
I n ot her woff %ﬁlse eﬁ#&ﬁ%&?sgvel synbol s in the data array are

di stributed even[[‘@eafmqj@gltttm&swmma sz@ngthea;mltﬂevel data array sympbaels @ér t o
be able to rcﬁffété%‘x‘{fle%l@ Wéﬂié}aﬁuﬂéi'ﬁ gﬁtﬁé{ &imra] %&d&e ealks in thgut put
p ol

array Vlferr] S. event ua re ICc r
medi und¥ i t |r§C‘H§é%&§£ﬁf”f tlaqther WS, erelisy amwgararﬁr@amm on is

;5 enCOdQﬂsﬂﬁbtﬂedm{/émlly@&bssr@[&wﬂ@]@tdét@I’aﬁﬁ@ V\/m ch can conbat errors. It
:';r ay then app ggcgexqo% sble %g Qeéme(\)rg%he %%xg'f'%q rlflpu %%’Yg;r%m Frgm"ﬂg{/: ?;?d
Z[err]) 20 outputarray V,jhbabislevenbiadiyrstorerhin thet holagraphibeesdirdingl in t he
modul at or  ofp, B iGr, 44 is ne%sséxﬁz troqﬁdi&qg)év}gf:htsggd ?fﬁ?e(f Orﬂﬁ ﬁﬂnétg&r fhe

random nunber genérato erent ator by
sof t watie or emsPdedina mukidare] redupdant format vaich, cﬁaar@r@battqreo@ndbeﬁer and

decoder are thé€ap ?Eﬁ‘ded as an additional ddlAnF¥Elow 8 thflodnlseASfdys O
synbols of value from'O to q-l . FII’St 25 a conplenentary rél atlonshlp

is defined between level '"i' and 'g-1-i'. From now t hen, when a
corrpl enmentary operation is i rrpos‘ﬁ!‘ql @:nvline@;M( 'Zo ¥ he resul tant |evel
Is "g-1-i'. Note that when q = 2n + 1, andnlsap05|t|ve
20 The only information that has to be stored in the modulator of FIG. 4
is the index of the seed to be used for the random number generator which is
built inherent in the modulator by software or hardware. Meanwhile, the
structure of the encoder and decoder are the same.
A g-level data array consists of symbols of value from 'O’ to 'g-1'. First,
25 a complementary relationship is defined between level 'i' and 'g-1-i'. From
now then, when a complementary operation is imposed on level 'i', the
resultant level is 'q-1 -i'. Note that when q = 2n + 1, and n is a positive
integer, the complementary level of 'n' is 'n' itself. Under the definition of
‘complementation’, the q levels are classified into g/2 complementary pairs, i
30 and (g-1-i), exclusive of the special pair, n and n, when q=2n+1.
A control data array C,;, is then designed where the elements of it are
(g-1) for the first 'ii' elements, in a row-by-row readout order, the rest of it
should be 'O's'. According to Knuth's complementary method, there is a
certain 'ii', when the final modulated output data array
35

out l Cl] V'm ’



I nteger, the conmplenentary level of 'n" is 'n'" itself. Under the def|n|t|on

of ‘conpl enentation' ,-the q levels are classified into g/2

conpl ementary pairs, i 30 and (g-1-i), exclusive of the special pair, n
and n, when gq=2n+1. A control data array Cerr], is then

desi gned where the elenents of it are 13 (g-1) for the first "ii’

el enments, in a row by-row readout order, the rest of it shoul d be
"Os'. According to Knuth's conplenmentary nethod, there is a certain

i, when the final nodul ated output data array 35
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1[ errl = qh%%r]sumgﬂhgf{d ﬂqe c}esuieﬁi Veesi red val ue. Simlarly,
as with the firsBimiady, Q‘»Q)Wlﬂhﬂlesféfé@sn%@bfqréhe seedsneppligsto the inputay r ay

Vlerr], the grpgex Im@uﬁabﬁnai&ﬁtésqhuera% bf i, hﬁmx @&H@&k&la%\&eheen 5
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we nc b
whol e 1%r ge €8 megled.( 88 ee?fBFFdiaﬁ%V’e ‘§Hﬁ?l ¢ modulation is ﬁaﬁﬁﬂﬁ%éﬁ% array
(err], showhals lﬂg@uda@a page,ubeded andan@) issstndlhe energy of - V[err]

accord ay: Vi or 1 Wt Siray St bOWy h-HIE 0,  dtaPleliifist M ohPRy A" e
10 i ndeV'secbrding taitheatrenstae fumatibn of BIGret tcoprodude 'the finsd outputiat a
array (ferr hatfﬁnagl " 5&193;1181@#&; 20 %g?&évsarfdocagﬁﬂf ﬂlcﬁcélsga drBftpg mati on

(which seed is use rea even 1'1), error

cont r o0 codiigex ysessttindicgiedhe seed h@ﬁﬂfmatlon and i’ g tlwg.i%tprﬁrtam t-af8t or age,
the nodul at itRéyel s5e Q@ssg;@nms tt@@eé@%alaebmﬁfbrm%n (Whlch seédnes ﬁbe”cﬁ and Q@W and

col um used to,r |].atij.on |nfor is, 15
S tandancy syl B ice ey Bl Breopliol colinsisied todatHct thom.
| ar ge bur st Iehobvgraphic data storage, thieimod elationdisdased ohetha selbleal dte agehe

energy of t g, Bkld ?%zeéncfj%ﬁ]lmn ugoq 10 386r0 88 AR wIaBhaRe SRS Lo _eaue

to the sum when al e an exact
nmi ddl €8 evelargar uEl e\mérmn ancycloeprpfedtdhe dnformadios: isdargsi anoughr tondrabat |
the ratio bejyeduritarsisgnal beam and reference beam are avoi ded

during recording,., . , The c ned nodul ator, of trapsfer function
of FIG 9 achi ev&biisehnique can W\é‘ﬁﬁ&%h‘%ﬁﬁ&ﬁ%@ﬁém tﬁg W‘F]léﬁ?ﬂfgtﬂ Ror of

FIG 4 and tph e Gogstaat,arhich eﬁieeg 1s equal t6.thd @ﬁnﬂﬁlﬂ@ﬁtalbfhd:éﬁnb&s(iﬁrthbe
comar o0 4t 8 i e g MR Iehe . WHBLEad B 00 s
20 constant wide variations in the ratio between the signal beam and reference
beam are avoided during recording.
The combined modulator of transfer function of FIG. 9 achieves both
the modulation schemes of the modulator of FIG. 4 and the modulator of FIG.
5. The output of FIG. 8 can be compared with the output of FIGs. 10 and 11
25 where the invention has not been applied, and where it can be seen that
symbols are not distributed evenly in the data array, and there are wide
variations in the ratio between signal beam and the reference beam during
the recording.

30 In summary, the modulator modulates multilevel data pages to be
stored in a holographic recording medium. The multilevel symbols are
redistributed across the whole data page and hold the energy of the whole
multilevel data page constant. To achieve this, the modulator uses an
arithmetic random number generator to generate a data array of randomly

35 distributed multilevel symbols. The first constraint is achieved by mddulo-g
addition operation between the input data array and the data array just



synbols are not distributed evenly in the data array, and there are w de
variations in the ratio between signal beam and the reference beam during

the recording. 30 In summary, the nodul ator nodul ates multil evel.
data pages to be stored in a hol ographic recording nedium The

mul til evel synbols are redi stribugged across the whol e data page and
hol d the energy of the whole mul til evel data page constant. To
achieve this, the nodul ator uses an arithnmetic random nunber

gener at or t gegeraiedt doamgdify thersaynmationndsht daBbpage, digghryt but ed mul til evel
symbol s. Thecc;dlﬁl%ineﬁﬁgﬁit %érﬂgghsis ﬂ@ﬁh@&%@a@ﬁﬂg géjk?mgh's compleﬁ'x%gllté' on

oper ation betvxﬁ){ogt arraﬁ ' arra

14 ytherapyliarrayi ¥, are @trmplmn@ntpdgaa a g-ary
conpl enent arhblmlt@ltlleﬁﬂohﬁoﬂi%fr'té‘ﬁﬂnﬁ‘ﬁ r t @Ef(i?& ry

met hod._ The Sé%%t af the in rr g*l%%té}get?%(}‘lrﬁ;?eﬁg ﬁﬁéeﬁlr%leﬁlt fln a

hori zorft al ed,Aatg array ﬁwgc stt%ff‘t qUeERY mq#nement bfB&, where the
final 5 modilﬂamdndﬂtcmlsafajnabe extehded he no@itisli alRkhsRMAL BXsd &dillyl ement . The
nodul ati on nmet hods can be extended to nultidi mensional case easily.

Al t hough a preferred exanpl e has been described in detail, it should
be understood t hAdthpughs preferiad example bas been describe i detadl, ibsisowddn be 10

made wit hOUﬂoedﬁ{tPérE!d&ﬂ thawaﬂaes éHéx'ri%eTs &k tRaABAs Ahd MR rh BYRNEL LB 2S

defi ned ended _cl ali
15 %%Jltthout %egaaﬂng framy thensririé rndreapa ot She mnanticnes defined

arrays for :btydjtmr@pended claimgyul ti di nensi onal storage nedia, including the
foll ow ng steps:



receiving a 2-Dinensional nultilevel data array in which each entry in 5

t he the multilevel val ues; generating a -
mul tT"mmmEm ml:Erm random numbers in whi ch each number of the .
sequencechas onesof *the nmultil evel val ues; perform ng an
arithnmetic or | ogic operation between regpective el ements of the
data array and respective random nunbers of the sequence to 10 pr oduce
an internedi ate data array showi ng non-corr el ation and even

di stributi oglgfmé:he multil evel syrrbol S. ) A nmet hod according to

cl 1, f h f

-goﬁ;:)lmement 2:1; ﬁ\re‘fx‘ltfg‘g l} gi %%EQB% E&eﬂgw&bdg? ffﬁ&rﬂ@ﬂ)rﬁlg%@; ?lredl ate data
array; ther enli¢idimensiomabbtoragemedsa, includieg el fdlbveingistepsio clai m 1, vvher e
the sequence Of re%%\ﬂﬁ,gkhodmme%%?} dlﬁl Tﬁﬁ?ﬁm% W}H@h QLA sh A

seed. acco é sequenc
r epr odéced the arlaydmsmetdféhédnniﬂlavdwaﬂw presentation of the seed.

5. A method acgﬂiéiiﬁﬁgfaqnﬁhﬁb%ﬁseq%ﬁee of Rehd AN IRIMEEYYBFRichSeatd

generated usin oW n or mu
Z[err] =(azp&maer of)theseaapgnce has ongpbthe multilexelyiiesis), a (the
nultiplier), c (padoimigedeaiithmatid of[legit]joperdtion betweersmed}zcme

non- negati ve,int e the
"andom sequetiiRS Brihe dapapuredpnd o BRE N TRER! SUBReLPo£UR Baientllh
nunber® havipnedudrean imtermiediate data array shﬂw@enen@m ition and even A net hod
accordi ng t g;GhBuHoR of A8 RuRi18PAWeaKblgddi tion operat ion is

performed between respective_elenents of the datgﬂgrra and a,q-level array
of random nénber 4 mathadoarrosding torflaindy futhegmckuding 4 e§Fﬁﬂ/\Pfﬁg non- 30

correl ati onpapEr@Ye a G- ddikp le‘?rﬁbrﬁfar;i ARt té bqualisesthehlesg %of the 8. A
C |

nmet hod accor, di ngl to claim?7, 1 g P flurt her step of ecki ng
the int er meditigraediate data,arrgy. é‘? Pﬂ%r‘é G¥€'9-arge difference between the
nunbers of @i ffeAenbtirad addoedlizlg ®ycthih 3, warede ithe sdrpremcesf random a di f f er ent
seed to gen h r

9 %Eﬂﬁl?el% %ﬁ%rgélgf)e@ ﬁ'&igg% formula an nd a sEed

acco where the seed may be
encoded in & A methnd a¢dosdisg am@whe@e#msmemecaﬁemmm@ errors,

and it is tRehg the fo1mu%PB QH@%I@S%H%@I?Gf tHePfRld, col um or row to the
modul at ed arraf acc rdlggto claim7, including the
additional Step dt method accordmg toc a1m 3, where the random sequence is
20 generated using the following formula:
Z; =(aZ;, +c)(mod m)
where m (the modulus), a (the multiplier), ¢ (the increment), and Zg (the
seed) are non-negative integers.
6. A method according to claim 5, where the random sequence is
25 transformed into a multilevel array of random numbers having the same size
as the data array.
7. A method according to claim 6, where a modulo-q addition operation is
performed between respective elements of the data array and a g-level array
of random numbers to produce an intermediate data array showing non-
30 correlation and even distribution of the multilevel symbols.
8. A method according to claim 7, including the further step of checking
the intermediate array for whether there is large difference between the
numbers of different multilevel symbols; and if there is, using a different
seed to generate the random number.



o1 4ﬂ!ﬂl!rﬂglﬂflrllrrm o dota srrgy Gerel, were the elamts o 11 o

and the reémarnder %f S "Os', and selecting '"ii' so that when _

an output array is produced usi ng the formula: _

Vlerr] = |derr] - V[err]| 10 where Y[err] is the internediate array,
then the output array has a sumequal to the sumwhen all the synbols in

t he multilevel data have an exact m ddle | evel val ue. _ 11.

A net hod acdébr di digmethed aceording tmc]laimiitngwhéle tharsééthmagib@eﬂéoctdd)m ag

i‘g ' ndg)é e‘r’]‘h'_rﬁﬂlt*lg%lcl%ﬁgﬁdﬁﬂiafo\{‘ﬁia'fQ/ﬁl‘i’i q%nélgﬂ egg%rlstﬁxh% 1&18%}31?%?210&? h%gr o

a final rowa@@ﬁnégd @mencgdditienal column Ourqtmttoam ayodarletedsaday.o store the
i ndi ces usedgt 0 A“ﬂieﬂ%c?aé&&dﬁ?%f& claim 7, énélﬁfi%cg@*é aﬁﬂilgﬂaﬂal kt:eg { the data

arra er accor Ing the step
of a%p%l ng]gPH%rai’élg a@&tqoé\g‘a%altrpg,%f,@f o8 ihe plaspents of it are (g-1) for the

Merr]= | ( dirs{ 'ii* eMngants, lh&e[ fdwMytfow fdaloul birder, and the réthainderfaess for

storin a si onal nenorie I,ncl udi.ng the
et hodgorIco gn e&Pﬁ Sgﬁacé’lnﬁ sozglat Wr}iaéu an R“H?‘btc"éé%y la?cE'iS’FléFFﬁ@; utSng:'Fhé! m 14
wher e the odiepotlaarray is used to control a spatial Iight nodul ator

for recordi ng the output array in ? rlu Bp graphi c storage nedia.
16. Aopr oce acqor ding to claim18* i hcHudifig the steps of readi ng out
t he 8 Von i Eheainderaed @Fﬁé@lfﬁﬁve been read in, and conparing the

readout Wi t ihéthe otifjfutiaRit hatad Sufdl 6l t thé b@RLwhsnall %{e&érn%él& h RS

bet ween t he orlq ld%ﬂ ‘ﬁﬁgﬁa]a the recordi ng may be

r epeat ed. Ueﬁ -\ ﬁiﬁ%iﬁpzﬁ‘ﬁ?t% Vela¥alHg mul til evel data arrays for
storing in 1L Anmthadhammdmgrl@lclshﬂﬂagmcludﬁigttﬁbrfgrther step of storin, Wﬁ? ﬂata
port for regegi I a arr I C
each entry ?ﬁ 1%1)%%}937% léh%ﬁggggéﬁg%gfvaﬁé EJtnﬁll tﬁfigbs symbo?s have

17 15 been COHHJlfP@ﬁatﬁd nunber generator to gener ate a multilevel

sequence of 12, A meﬁﬁﬂd&% %b%léﬁ‘n‘i’@ hefdq Biday mran‘a[ célﬂ?m? Gk ce has

one of the mul til eveI freans
perform an SRRHRATEEAs useddrstersdbstingdicasaisrdda indicate the seed

information and 'ii' of the data array G
13. A method according to claim 2, including the step of applying the
20 following transfer function:
Vou = [Cyj- Vin © M (q, Zo )| .

14. A process for storing pages of data in multidimensional memories
including the method of any earlier claim. -
25 15. A process according to claim 14 where the output array is used to
control a spatial light modulator for recording the output array in a
holographic storage media.
16. A process according to claim 15, including the steps of reading out the
pages of data after they have been read in, and comparing the readout with
30 the input data array; if there is a large difference between the original and
detected data, the recording may be repeated.
17. A modulator for modulating multilevel data arrays for storing in
multidimensional storage, including:
a data port for receiving a 2-Dimensional multilevel data array in

35 which each entry in the array has one of the multilevel values;



5 ' ts of the data array and respective random nunbers of
t he lﬁﬁ ﬂm H Eﬁﬁno produce an internediate data array show ng .
non- cOl * even distribution of the nultilevel synbols. 3
18. A nodul ator according to claim17, where the conputing means is also
able to performa g-ary conplenentary nethod to equalise the energy of the
10 I nternmedi ate data array; where there are g |evels. 19. A

nmodul ator according to claim 17, where an arithmetic |inear
congruenti al randoandoabgimBeRgeaéRtor © gtaReatbQ HANEIIEEsdARGRAJFUTDEr S

| | f ' L bution, over .the.interval .[0,1 20. . A nodul at or
\z,amcf:grgimngo'[ orpagiié}tr{n#&'gl Ieg%iélrg’ .%e?%BBfﬂq‘?ﬁr%&hé i%‘iuencﬁé’r?éroé}eo?f hees a
formul a and IaUl;téaledelsmiihemhat “the sequence may be riprogulce;j usi ng
2coording to ol o orgyinixBehol BbribhS ACRimpetic or gk on@IREIbHNEEn,
? gf?gw! Enng f g'pmﬁcéi_ve elements of the data array and respective raxgicen murnlferz [ofthe
+c) (mod M 2Bquence to WRe Bl SR Htd ddta rﬁray Sfovwid Fﬂ&i—b&{r@latﬁn@ﬁ
i ncrement), and err th .. seed) are non-negative I ntegers.
22. A nodul &8P di\L:"E ’}q({b"fte@ecm&ith]ieﬂl, SYARROIS- t he conputing neans is
oper abl e t o 18t ansf mouldter aecuiding tndlaimi 17, Qv}ﬁerggh% coRNRItimY RYndis élgadzm
modul ator acosy o el SRR oSPlEr SRRy dSetbiid o PHga el prerey of the
oper abl® t o iptermediate datelarreynwhet: tliere anpgrevelan between respective
el enent s of 1bhe Assdaldigyaantatid bkl B Sinit e Ay dAndgmaunter s to

roduce an internedj ate data ar ng Nnon-corré I on and even SQ

3 i stributi oﬁoesﬂt%miﬁwq?quemm Ghergiezator s used oy geperateaansiosn nasaardi ng t o
e at o Ty ety [0, O S ence. " botween the
i nternmedi ateg,arr fqr et her ,there.is r | ffer

nunbers of ngfe?‘Z}HPSH{ﬁt?*f peRPafing faglpim @ngﬁ]e[re ttlFFé%aélqcoéP nymber

di ff er®nt sgenelasorf ewed d formuld endanded suchbbat denssgicce angy Beot her random
35 dat a LE}%H ' . _

18 % . uké(rirglgu ?%?ggél(‘:%?gy&lgletpcges&né"i‘tﬁ?lﬁﬂ,ﬂ%%‘?ﬁél'the conputi ng
means is 21 Adpedulter ageosdingde alain 26ewhiere thendndone neimbedundant

format whi cBefi@@tor uses thqum@@;ngefdrﬁﬁﬁa: and then append the encoded seed as

It | umm or row to the nodul ated array.
an additional colu RTET ARSI

20
where m (the modulus), a (the multiplier), ¢ (the increment), and Zo (the
seed) are non-negative integers.
22. A modulator according to claim 21, where the computing means is
operable to transform the random number into a multilevel array of random
25 numbers having the same dimensions as the data array.

23. A modulator according to claim 22, where the computing means is
operable to perform a modulo-q addition operation between respective
elements of the data array and the multilevel array of random numbers to
produce an intermediate data array showing non-correlation and even

30 distribution of the multilevel symbols.
24. A modulator according to claim 23, where the computing means is
operable to check the intermediate array for whether there is large difference
between the numbers of different multilevel symbols; and if there is, a

different seed is feed into the random number generator and another random
35 data array is generated. '



(ﬂ]m I !u"jﬂu”aﬂt cording to claim18, where the conputing neans is
operabl ontr ol data array Cerr], where the elenents of it .
are (g- Yorthe first 'ii' elenents, in a row by-row readout ;

order, and the remal nder of it is "Os'; and the conputing neans is
operabl e to select '"ii' so that when 18 the final nodul ated out put

data array is produced using the fornmula: 10
Vierr] = |Cerr] - V[err]| then the final nodul ated output array

has a sum e@al tomodalstomaedmding to claim 24, WIfeléyHé)Qbmpldmdgh&eﬁﬂi f:golr g:/ﬁlg o
' or, a
data have a%g‘r%)léﬁgg t‘g]eg%(?e ltlgé/ éetd\ell‘g{ %'Enultll?veé reic%undant ffg?ma{ Yvh)é?

claim 26, wh nin ca hownany
synbol s hav&optt extsupl ansbtheacappand the endodedsseed as an addlslbnabdolumn or 28.

A nodul at or ramq%qgﬁg&é&&&}? where the conputing neans is
fol | ow g nsfer fuynction: 20

f th

orr] | “@orr i BoYREHPY oq@RHITAIY Gaipa where the computing 89etein f or
storing pag@@elﬁblmbd) gehﬁ‘am adahg:ol data dhy Cgi IWBi@:thé'elements oﬂﬂfﬁﬁ:{bq

t §P4 rdin ny_one
30, A syst SRR L CIsREERE e P b ity MRddn Erdly Bnd ot BadRindssp 25
oper abl e duof igisr'@s6 Iaﬂg rthetoonzputing means ﬁﬁopelrabd:e)tcdmiediihbsqaﬂm Wh(iﬁﬂ g:t R

di v, es
of perge medise P mdRANAA o BAPdh Ay MIAALLA% Al HdBRRTES D put
data at% ay, and If there |sVauFaF£ﬂ-dﬁ$flerence bet ween the ori ginal
and detected data t he recordi ng process nay be continued. 30 31.

A et hod of de ul.ati on,, [ncluding the reverse of the steps clained
i nmgmyoone thei ﬁgaflmpguiaged OUtP“t arggy Laﬁadéiﬁ)%\@tf@rﬂlﬁéﬂmg"hqﬂeﬂu ever se

of the struthasypmbbbiinmeteimubilyverndata have anfxaet aiiddlelievbDPvade.
27. A modulator according to claim 26, where an index indicates the value
15 'ii', that is how many symbols have been complemented, and this index is
stored.
28. A modulator according to claim 17, where the computing means is
operable to perform the following transfer function:
20 Vou = [Ciy - Vin & M (q, Zo ) .
29. A system for storing pages of multilevel data in a multidimensional
memory incorporating a modulator according to any one of claims 17 to 28.
30. A system according to claim 29, further including a feedback loop
25 operable during recording to achieve uniform recorded data page in the
storage media; the feedback loop involving reading out the pages of data after
they have been read in, comparing the readout with the input data array, and
if there is a large difference between the original and detected data, the
recording process may be continued.
30 31. A method of demodulation, including the reverse of the steps claimed
in any one of claims 1 to 13.

32. A demodulator having the reverse of the structure claimed in any one
of claims 17 to 28.



