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Technical ¢(Field 5 This invention relates generally ‘to tiR&s
enhancene*t of the storage density of optical data storage nedia such
as opticall disks by the use of superresolution optics.
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the storage density of existing optii cal di sk systens. Anong them a
"nost effective and straightforward appr&ach is to

" INCREASING THE STORAGE DENSITY OF OPTICAL DISKS

Technical Field
5
This invention relates generally to the enhancement of the storage density of
optical data storage media such as optical disks by the use of superresolution optics.
Background Art
10

There are a number of known ways to increase the storage density of existing
optical disk systems. Among them, a most effective and straightforward approach is to
use a shorter wavelength laser diode. Although great advances have been made in
developing blue-green laser diodes in the past few years, it seems that there is still some

15 time to go before such diodes become commercially available. Other efforts have been
directed to increasing recording density through the use of various superresolution
techniques which can provide a moderate optical response even beyond the cut-off

frequency of the optical disk system.

20 The most widely investigated superresolution technique is to modify the laser spot
profile at the recording plané. This can be achieved either thfbugh modifying the disk
structure, eg. a groove and land recording [N. Miyagawa, Y. Gotoh, E. Ohno, K. Nishiuchi
and N. Akahira, Appl. Phys. Lett. 59, 1272 (1991)], or through using the characteristics of
Jaser induced temperature rise in the recording layer, eg. magnetically induced

25  superresolution (MSR) [M. Kaneko, K. Aratani, A. Fukumoto and S. Miyaoka,
Proceedings of the IEEE, 82, 544 1994]. In the former case, information pits are stored on
both the lands and the grooves. During signal readout, the land and groove structure
provides an additional phase delay to the light reflected back from a groove with respect to
the light reflected from the two adjacent land areas. It has been shown both theoretically

30 and experimentally that the cross talk between adjacent tracks can be reduced to an

acceptable level through modifying the groove width and depth [N. Miyagawa, Y. Gotoh,
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ahead of the peak intensity position of the laser spot in the disk rotation direction. It is

10 also for this reason, that the performance of the MSR technique exhibits a strong
dependence on the disk structure and rotation speed. Although this technique was
originally discussed in connection with magnetooptic disks, it has been extended to other
types of optical disks including a possible approach to solving the disk structure and
rotation speed sensitivity problem [Y. Wu and B.MN. Yussof, Appl. Phys. Lett. 66,911

15 (1995)]

Another superresolution technique is to modify the laser beam at the entrance

aperture of the objective lens {H. Ando, T. Yokota and K. Tanoue, Jpn. J. Appl. Phys. 32,

5269 (1993)]. This technique, however, can only increase the high-frequency response

20  with respect to that in the low-frequency region : it still cannot break the physical limit of

the optical system. Therefore, the improvement in storage density is quite limited.

Disclosure of the Invention

25 In view of the above, it is an object of the present intention to provide a
superresolution technique, and an optical configuration therefor, that is capable of
increasing the recording density both in the radial and track directions but also is

independent of the disk structure.



2 E. Cbno, K N shiuchi and A Akahira, Technical D gest Synposium
on Optical Menory (1994) P.35]. This technique, however, increases the
recording density only in the radi al di rection. 5 On the
ot her hand, in the MSR techni que, a non-uniformtenperature distribution

I nduced by | aser beamis effectively used to mask out a certain portion of
the | aser spot at the recordi ng phane, which is equivalent to a size
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data storage medium,

In another aspect, the invention provides a method of reading data on a data storage

10  medium, eg. an optical disk, whereby the data recording density on the medium may be
increased, characterised by:

modifying the lens system of the optical configuration to focus the incident light

beam to an intermediate position, and providing at said intermediate position

spatial filter means having a filter function to enhance resolution of the read-out

15 optics for reading the information pits recorded on the data storage medium.

Brief Description of the Drawings

The invention will be further described, by way of example only, with reference to

20  the accompanying drawings, in which:

Figure 1 depicts schematically an optical configuration according to an
embodiment of the invention, for an optical disk reading system;
Figures 2(a) to (c) are diagrams which illustrate calculated amplitude modulation
25 transfer functions (MTF) for the configuration shown in Figure 1, for various values of
filter width @ and phase step g;
Figure 3 indicates the calculated areas under each of the MTF curves of Figures
2(a) to (c); and
Figure 4 illustrates a modified condenser lens for the embodiment of Figure 1.
30



Anot her superresolution technique is to nodify the |aser beam at the

entrance aperture of the objective lens [H Ando, T. Yokota and K
Tanoue, Jpn. J. Appl. Phys. 32, 5269 (1993)]. This technique,

however, can only increase the high-frequency response 20 wth respect to
that in the Iowfrequency region: it still cannot break the physical limt
of the optical system Therefore, t‘{]e | mprovenent in storage density
is quite |imted. Di scl osure of the

| nventi on 25 In view of the above, it is an object of the present
intention to provide a superresol ution techni que, and an opti cal
configuration therefor, e(s) fi out the ing the recording

density both in the radial and track directions but also is
i ndependent of the disk structure.

The optical disk system 10 shown schematically in Figure 1 differs from a
conventional optical disk system in the addition of a condenser lens 2 and a spatial filter 3.

5  The condenser lens 2 is employed to focus the scanning laser beam 8 into a spot 9 with an
appropriate size and projects the beam onto the spatial filter 3. The modulated laser beam
emerging from the spatial filter is directed to the objective lens 5 which focuses the
modulated laser beam into a tiny spot on the information layer or data storage surface 7 of

the optiéal disk 6. It will be seen from Figure 1 that the spatial filter and the initial focus

10  are in the image conjugate plane of information layer 7. The reflected light is reflected at a

half-mirror 4 onto a detector 12.

The basic principle of achieving superresolution by this configuration can be

understood through evaluating its modulation transfer function, as follows.

15
The amplitude distribution of the light at the focal plane of the objective lens 5 can
be written as
_ _ezp{=jkdi(1 + M)} = —jk 1y 2, 2
Ad(zd, yd) = Asz% "xpsz(l + M)(:d + yd)
20

0 .- .
% [tz sy + 2al Moo + val M)dzadye, )

where M is the magnification of the objective lens, #(x,,y) is the filter function, d; and d,
(Figure 1) are the object and image distances from lens 5, respectively, and 4 is the point
25  spread function which is given by the Fourier transform of the pupil function of the
objective lens P(u,v). The effective pupil function Pg(u,v), in turn, can be obtained by
performing reverse Fourier transform on 4g(x4yd). Once PE(u,v) is known, the optical
transfer function (OTF) of the system can be derived from the autocorrelation of the
effective pupil function. The square root of OTF gives the amplitude modulation transfer



3 The invention accordingly provides, in one aspect, an

optical configuration for optically reading data on a data storage
medi um eg. an optical disk, including | ens neans to focus an
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data stora |4 . . . L.n ot her aspect, the_invention
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_ _eap{—jkdy(1 + M)} —jk
Adzay = BTGl M oyt (1 4 e st ). (2

10
Considering the fact that x,(y,) is comparable to A but much smaller than d,, Eq.(2) can be
further simplified to be A (%,,y,) = t(x/M,y/M)exp(-jy) with \ as a constant phase factor.
This means that, in the ideal case, the amplitude distribution is just a reduced replica of
that of the spatial filter. Of course, in practical cases one can only obtain a blurred replica
15 due to the limited bandwidth of the optical system: For simplicity, in what follows this

special case is considered.

For purposes of further exemplification and explanation, we assume that the
amplitude distribution of light at the spatial filter plane is the Fourier transform of a
20  truncated Gaussian beam and further assume that the laser intensity at the edge of the
_entrance pupil of the condenser lens 2 is 25% of the peak intensity of the laser beam.
Under these conditions, we obtain a laser spot with a full width at half maximum (FWHM)

of about 4.5um. Simulations have been done for a square phase-shift filter described by

25
t 0y Yo) = 1 lxls a & Iy s
(7e23e) { ezp(jd) : others, s 3)

where a and @ are adjﬁstable constants for tuning the filter dimension and magnitude of
phase shift.



The invention will be further described, by way of exanple only, with
reference to 20 the acconpanying draw ngs, in which: Fi gure
1 depicts schematically an optical configuration according to an

enbodi nent of the invention, for an optical disk reading system

Figures 2(a) to (c) are diagrans which illustrate cal cul ated anplitude
nodul ation 25 transfer functions (MIF) for the configuration shown in
Figure 1, for various val ues of fi@ter width a and phase step [err];
Figure 3 indicates the cal cul ated areas under each of the MIF curves of

Fi gures e 4. illustrates a nodified

condenser Eigﬁgg'égl)sh{’%e CZF;Bl?g‘Pa?F@an’S I‘—‘f‘@uﬁi‘éfeghg er width a and phase step o.
4 Calculations have been carried out for filters with a width of 2, 3 and 4pum, and with the
phase shift changing from 0 to 120° at a step of 20°. @ = 0 corresponds to the case that
there is no filtering effect, in which the maximum spatial frequency is given by 2NA/A.
5 With the use of a filter, however, the optical system shows a moderate response even
beyond the cut-off frequency. It is also clear from the figures that the degree of
improvement is strongly dependent on the magnitude of the phase shift. The high
frequency MTF initially increases rapidly with increasing & up to 80° and then saturates or
even begins to decrease at 100°-120°, It should be noted that the improvement at high-
10 frequency is obtained at the price of reduced optical sensitivity at lower frequency. If the
Iow-frequency response decreases to a certain level, the over-all system performance will
be degraded. In other words, there should exist an optimised filter structure for a specific
optical disk system.

15 Although it is difficult to judge which filter is most desirable for practical
applications based only on the MTF curves, some useful rough estimation is possible
through looking at the areas under each curve. The larger the areas the higher the average
resolution if we assume that the information pits are quite uniformly distributed in the
spatial frequency domain. Figure 3 shows the calculated areas under each of the MTF

20  curves shown in Figs.2a-2c which are plotted as a function of @ for three different filter
widths. It is interesting to note that all the curves exhibit a maximum in the range of 40°-
60° which is almost in the same range in which minimised crosstalk has been obtained for
land and groove recording [N. Miyagawa, Y. Gotoh, E. Ohno, K. Nishiuchi and N.
Akahira, Appl. Phys. Lett. 59, 1272 (1991), cited above]. This is perhaps not unexpected

25  because the technique used in this invention has a similar effect as that of the land and
groove approach; the significant difference is that the present approach can improve the
resolution both in the tangential and radial directions while the land and groove recording

increases the density in the radial direction only.



Mode(s) for carrying out the Invention The optical disk
system 10 shown schematically in Figure 1 differs froma conventi ona
optical disk systemin the addition of a condenser lens 2 and a spati al
filter 3. 5 The condenser lens 2 is enployed to focus the scanning | aser
beam 8 into a spot 9 with an appropriate size and projects the beam
onto the spatial filter 3. The nndulateq | aser beam energing fromthe
spatial filter is directed to the objectiive lens 5 which focuses the

nodul ated | aser beaminto a tiny spot on the information |ayer or data

storage surface,7 of. t he. I cal di.sk: 6. | tewl egyf Igure 1
that the spati a‘ﬁc‘?qr‘;‘f‘W’ g’ﬁcfp'ﬁag%tﬁf B5i pé?w?%dcﬁéﬂl #f it aﬂl‘rl%ct&:&ﬁ@ﬁ&)is%%g%& i

conj ugat e pLARGPEmbREAYTES EftfAndA4Silution JHEad-tloPaéelr téaditi theinferiratioh ed at
a hal ?&%1 r rormgf1 ontyg%a detector 12. P Thetgbasi c principle

of achi evi pits snthedatastdrage surfadey t hi s configuration can be under st ood

t hrough evaluating its nodul ation transfer function, as follows. 15

The anplitude distribution of the Iight at the focal plane of the objective

lens 5 gan 1Pfhe Whbid fnipl&nentation, we have assumed that the spatial filter 3 has a fixed
function. Instead, it can also or alternatively be an electrically controllable filter which can
be used to optimise the transfer function from a control unit 32, duting the readout process
for each specific disk. The control unit 32 can either be a separate circuit or a part of the

functionality from the micro-controller of the optical disk system.

10
Condenser lens 2 can be a conventional index-type lens. Alternatively, for
example to reduce the cost of implementation, the laser source can be a surface emitting
laser diode 15 and the condenser lens a diffraction grating lens 16 formed together with the
laser diode 15, as depicted in Figure 4.
15

It will also be understood that the term "comprises" or its grammatical variants as
used herein is equivalent to the term "includes" and is not to be taken as excluding the

presence of other elements or features.



[err] _ where Mis the magnification of the objective Tens err
is the filter function, dlerr] and d[err] (Figure 1) ”m mﬁmglllﬂ(ﬂqm
and i nage di stances from I ens 5, respectively, and hist ﬂl) i

spread function which is given by the Fourier transform of “t he p"UpI|

function of the objective lens P(uv). The effective pupil function
PE(ukv), in tum can be obtained by perform ng reverse Fourier
transformon Ad(xdyd). Once PE(u,v) is Rnown, the optical transfer

function (OTF) of the system can be derived fromthe au t oBwrShest ides Besn Replacgdhe

effective pupil function. The square iAItMgf OTF gives the mm”lnﬂjmﬁl II

nmodul ati on transfer
1. An optical configuration for optically reading data on a data storage medium, eg.

an optical disk, including lens means to focus an incident light beam onto the

5 medium, characterised in that said lens means is arranged to also focus the
incident light beam to an intermediate position, and in that there is provided at such
intermediate position spatial filter means having a filter function to enhance
resolution of the read-out optics for reading the information pits recorded on the
data storage medium.

10 ‘

2. An optical configuration according to claim 1, further characterised in that said

filter means has a predetermined filter function.

3. An optical configuration according to claim 1, further characterised in that said
15 filter means has an adjustable filter function.

4. An optical configuration according to claim 3, further characterised by means to

selectively adjust said filter function.

20 5. An optical configuration according to any preceding claim, further characterised in
that said lens means includes a condenser lens on a surface emitting laser which

emits light to form said scanning beam.

6. An optical configuration according to claim 5, further characterised in that said

25 condenser lens is a diffraction grating lens.

7. An optical configuration according to any one of claims 1 to 4, wherein said lens
means includes an objective lens and a condenser lens, and said intermediate
position is at the image conjugate plane of the data storage medium, relative to the

30 objective lens.
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function (MIF) which will be used in the follow ng context ﬂmnummw‘! "I
per f ormance of the optical disk system

can be solved nunerically, here we just consider an ideal case in

which the neaning of Eq.(l) will beconme nuch clearer. Assune that the

di anmeter of the obj ective |lens is infinitely large, ie. his a delta
function; then Eq.(1) reduces to: err ] 10 Consi dering the
fact that x[err]) is conparable to [errf but much smaller than d[err],

Eg. (2) can be further sinplified to be Ad([err]) =

t(x[err]/Merr]/Mexp(-j[err]) with [err] as a constant phase factor.
This neans that, in the ideal case, the anplitude distribution is just a

duced repl tical
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of a
position spatial filter means having a filter function to enhance resolution of

the read-out optics for reading information pits recorded on the data storage

medium.

10 9. A method according to claim 8, further characterised in that the lens system is
modified by adding a condenser lens, and by providing for the intermediate
position to be at the image conjugate plane of the data storage medium, relative to

an objective lens.

15 10. A method according to claim 8 or 9, further characterised in that said filter means
has a predetermined filter function.

11. A method according to claim 8 or 9, further including adjusting the filter function
of the spatial filter means.
20
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20 truncated Gaussian beam and further assunme that the Taser intensity at

t he edge of the entrance pupil of the condenser |en
peak intensity of the |aser beam Under these condi ??18%&%53@ 15&8
| aser spot with a full width at half maxi nrum ( FWHM) rr]
Si mul ati ons have been done for a square phase-shift fil ter
[ err ] where a and 0 are adjustaple constants for tun| ng the fllter
di mensi on and nagni tude of phase si
6
ABSTRACT

An optical configuration for optically reading data on a data storage medium, eg.

an optical disk, includes lens means (2,5) to focus an incident light beam onto the medium

5 (7). The lens means (2) is arranged to also focus the incident light beam to an intermediate
position, at which is provided spatial filter means (3) having a filter function to enhance
resolution of the read-out optics for reading the information pits recorded on the data
storage medium (7). Also disclosed is a method of reading data on a medium, whereby the

data recording density on the medium may be increased.

(Fig. 1)
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Fi gs. 2a-2c show the calculated MIF's with different filter width a and
phase step O. Cal cul ati ons have been carried out for filters with a
width of 2, 3 and 4[err], and with the phase shift changing fromO to
120[err] at a step of 20[err]. [err] = 0 corresponds to the case that
there is no filtering effect, in which the maxi num spatial frequency is
given by 2NA/[err]. 5 Wth the use of a filter, however, the optical
system shows a noderate response evelrys beyond the cut-off frequency.
It is also clear fromthe figures that the degree of i nprovenent is
strongly dependent on the magnitude of the phase shift. The high
frequency MTF |n|tgtally increases rapidly with inc easi ng §err] up to
80[err] an then s&turates or 3 even begi s to decreas at 100-120. It
shoul d be ted that the inprovenen{*at high- 10 fbequency)is obtained at
the price of reduced optical sensitpvity at |opwer fwgguency, f the
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spati al frequenWal n. ELgures3 shows the cal cul ated areas under each of
the MIF 20 t@ es shown tn Fi gs. 2a-~2c whicljare plotted as a. function of
[err] for three different filter widths., It is Interestlng to note
that all the curves exhibi§ a faxi i qumin the range of . 40[err]-~ 60
which is alnost in the sane rar)‘ge “1'n whi ch nbl:ll m sed cromal k:has been
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Akahira, Appl. Phys. Lett. 59, 1272 (1991), cited above]. This is perhaps
not unexpected 25 because the technique used in this invention has a
simlar effect as that of the | and and groove approach; the
significant difference is that the present approach can inprove the
resolution both in the tangential and radial directions while the | and and

groove recordi ng i ncreases the d&@sity in the radial direction only.
7 Accolligegty—tho—spatial filter is provided with a filter
function t(x[err],y[errfA selected, if nece§i§h¥‘e1pipically, to
enhance resol ution of ré|y& out optgcs— reading the ifformtion pits
on the data storage s&B 2\ 5 w20 | N the abovelinpl enentation, we
have assunmed that the sp§ filter 3 has a fixed function. |nstead,
it can al so or alternatf \be an eIecH&Lcally control Rable filter 'which
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be used to optimse the transfer function froma control unit 32, during

t he readout process for each specific disk. The control unit 32 can
either be a separate circuit or a part of the  ° functionality fromthe
m cro-controller of the optical disk system 10 Condenser | ens
2 can be a conventional index-type lens. Alternatively, for exanpl e
to reduce the cost of inplenentation,3the |aser source can be a surface
emtting | aser di oge.d5 _and the condenser lens a diffraction gratijng
| ens 16 fornmed together With the | aser di ode 15, a3} depicted in
Figure 4. 15 22F 1t will under st ood that} the term

"conprises" or its gra tical vgri ams-as used herfein is equival ent
to the term"incl udes” a*d isn pf{o be tdkg as excl udi t he

presence of other el emmptls or féatur - .,
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1, An optical configuration for optically reading dat & sQfy § al-a ST
medi um eg. - an optical disk, including |ens j : m 5428
i nci dent [|ight beam onto the 5 medi um char act;erl sed in that

said lens neans is arranged to al so focus the { i rebdiin s ght
beamto an internediate position, and in that there is prjovided at such
internmedi ate position spatial filter rreani(a(3) havi ng a fji | Ter~function-to

enhance resolution of the re out optics fdr readi ng the
information pits recorded on the dat a storage medi um 10

2. An optic n._according to cIa further characterised
in that said %&%A%mé 1 g?g) ‘Z% _ 1rQ ﬁé@ﬂlﬁﬁ. :
function. An optl cal confi guratl on accor di ng to claim1,
further characterrsed in that said 15 filter means (3) has an
adjustable filter function. 4. An OE“ cal configuration according
to claim3, further characterised by T sel ectively

adjust said filter function. 20 5. An optical configuration
according to any preceding claim further characterised in
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an optical disk, mcludes lens means (2,5) to focus an incident light beam onto the medium

(7). The lens means (2) is arranged to also focus the incident light beam to an intermediate

position, at which is provided spatial filter means (3) having a filter function to enhance

resolution of the read-out optics for reading the information pits recorded on the data

10  storage medium (7). Also disclosed is a method of reading data on a medium, whereby the

data recording density on the medium may be increased,

(Fig- 1)



6.
I n"t'hat said 25 ” "*:1 l.ens (2) is a diffraction grating | ens.
7. An optical conf m mn FJBE ng to any one of [ A
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An optical contguration according to claim5, further characterised

wherein said | ens ncI udes an obj ec}yeé” celg a
condenser lens (2), and sal d i nt er medi at ef p{OSI tior 'T § "t“; e

| mge conj ugate plane of the data storagg medi um 30 I f 2 |yefto
t he objective lens. (5) Pl
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1. An optical configuration for optically reading data on a data storage medium, eg.
an optical disk, including lens means to focus an incident light beam onto the
medium, characterised in that said lens means is arranged to also focus the
incident light beam to an intermediate position, and in that there is provided at such
intermediate position spatial filter means (3) having a filter function to enhance
resolution of the read-out optics for reading the information pits recorded on the

data storage medium.

2. An optical configuration according to claim 1, further characterised in that said

filter means (3) has a predetermined filter function.

3. An optical configuration according to claim 1, further characterised in that said
filter means (3) has an adjustable filter function.

4, An optical configuration according to claim 3, further characterised by means to
selectively adjust said filter function.

5. An optical configuration acéording to any preceding claim, further characterised in
that said lens means includes a condenser lens (2) on a surface emitting laser which

emits light to form said scanning beam.

6. An optical configuration according to claim 5, further characterised in that said

condenser lens (2) is a diffraction grating lens.

7. An optical configuration according to any one of claims 1 to 4, wherein said lens
means includes an objective lens (5) and a condenser lens (2), and said
intermediate position is at the image conjugate plane of the data storage medium,

relative to the objective lens. (5)
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of the read-cdut optics for reading information pits rfc rded 6n ‘t“'ﬁe o# ]a

storage nedi um 10 9. A method-according to claf nr8p-further.  ; |
charactergsed in that the lens systemis ! Lmodified by addi rPg a
condenser lens, and by providing for the internmediate ™ —pg@sition

to be at the inmage conj u%ate pl ane of the data storage nedium relative to
an obj ectivé.| ens\ methpd 1®d1ngdAtarmtd’da¢h ﬁmgfrmﬁdigmt.gg@n@pmédlﬂ( wherebiy t her
r m ned

characterised in t sai
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i ncl udi 28 adj usting t hﬁo&lfylxﬂgathe {8 ¥t of the optical configufdtioh ¢ foeR@thedhciddnt t er
nmeans.
5 light beam to an intermediate position, and providing at said intermediate
position spatial filter means having a filter function to enhance resolution
of the read-out optics for reading information pits recorded on the data

storage medium.

, 10 9. A method according to claim 8, further characterised in that the lens system is
modified by adding a condenser lens, and by providing for the intermediate
position to be at the image conjugate plane of the data storage medium, relative to

an objective lens.

15 10. A method according to claim 8 or 9, further characterised in that said filter means

has a predetermined filter function.

11. A method according to claim 8 or 9, further including adjusting the filter function
of the spatial filter means.
20
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