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Abstract

We present a new family of annular binary filters for improving the three-dimensional resolving power of optical
systems. The filters, whose most important feature is their simplicity, permit to achieve a significant reduction, both in the
transverse and in the axial direction, of the central lobe width of the irradiance point spread function of the system. The
filters can be used for applications such as optical data storage or confocal scanning microscopy. © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The design of pupil filters to overcome the limits
in resolution imposed by diffraction in imaging sys-
tems has long been the aim of many research efforts.
The attention of these efforts has been chiefly cen-
tered in improving the resolving capacity of imaging
systems in the transverse direction [1-9]. A lower
number of publications has been addressed to the
design of filters for achieving superresolution along
the optical axis [7,9-12], which is of great interest

" Corresponding author. E-mail: manuel.martinez@uv.es

when dealing with imaging systems in which optical
sectioning is important. What is highly surprising is
the dight attention paid to the aim of achieving
three-dimensional (3D) superresolution [13,14] that
is, of obtaining a narrowness of the central lobe of
the irradiance point spread function (PSF) of the
system simultaneously in both the axial and the
transverse direction. This would be very important in
3D imaging.

In this paper we present a whole family of annular
binary filters for increasing at will the 3D resolution
capacity of imaging systems. The binary filters are
composed of a central clear circle and a concentric
annular aperture. The area of the annular aperture is
bigger than that of the circle. It will be shown that by
continuously increasing the area of the resulting

0030-4018,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S0030-4018(99)00226-6



FULL LENGTH ARTICLE

268 M. Martinez-Corral et al. / Optics Communications 165 (1999) 267—278

annular mask, the width of the core of the irradiance
PSF, both in the transverse and in the axia direction,
gradually decreases. The transverse impulse response
provided by these filters presents an additiona ad-
vantage: the maximum strength of the outer rings
remains reasonably low, as we will show below.

In a second step, we propose the use of the above
filters for improving the performance of two impor-
tant optical techniques. optical data storage and con-
focal scanning microscopy.

In Section 2, we discuss the influence of the
filters transmittance on the transverse and axial re-
solving capacity of an imaging system. Then we
apply this formalism to design a new set of binary
filters for achieving 3D superresolution. In Section 3
we show that the above filters could be used to
improve the bit packing density of optical disks.
Finally, in Section 4 we define the confocal gainsin
resolution, and we show that the use of the proposed
filters allows to obtain a significant improvement of
3D resolution capacity of confocal scanning setups.

Pupil Filter

2. Annular binary filters design

Let us consider the amplitude PSF of an imaging
system apodized by a purely absorbing pupil filter,
after we consider cylindrical symmetry, that is [15]

h(0,Wh)

= ZfOlp( p) exp(—i27mWy, p?) Jy(2mvp) p dp.
(1)

In Eq. (1) p( p) isthe pupil function, p being the
normalized radial coordinate. Besides, v =r,r/Af
corresponds to the transverse radial coordinate ex-
pressed in optical units, r, being the maximum
radial extent of the pupil and f the focal length of
the system. The axial position is specified in terms of
the well-known defocus coefficient, W,y =r2z/
21 f2, which specifies the amount of defocus mea
sured in units of wavelength A [16], z being the axial
coordinate as measured from the focus of the system

Fig. 1. Schematic layout of the focusing arrangement. The origin of the axial coordinate is taken at the focus F of the system.
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(see Fig. 1). Finaly, J, denotes the Bessel function
of the first kind and zero order.

Next, it is convenient to perform the following
geometrical mapping

£=p?—05,q(¢)=p(p). (2)

Then, except for an irrelevant phase factor, Eq. (1)
can be rewritten as

(o W) = [ a(€) exp( ~12mWoo)

X J(2mvy/E+05) dé. (3)

We are interested in the design of annular binary
filters to increase the 3D resolving capacity of imag-
ing systems, i.e. to reduce the volume of the central
lobe of the 3D PSF. To this end, the width of this
lobe both in the transverse and in the axial direction

q(€)
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should be reduced. Then, to analyze the axial and
transverse sections of the 3D PSF, it is convenient to
particularize Eq. (3) for the two cases of our interest.

For the optical axiswe set v = 0in Eq. (3) to give

h(O W) = [*° a(£) exp( ~i2m W) dé. (4)

It is apparent from Eq. (4) that the axial behavior of
the system is governed by the one-dimensional (1D)
Fourier transform of the mapped transmittance q( £).

On the other hand, for the image plane case,
W,, = 0, we have that

h(v,0) =[_°j5q(g)ao(2m,/g+ 05)dé.  (5)

Therefore, the transverse behavior is also governed
by the function g( &), but through a different type of
mathematical transformation.

(b)

Fig. 2. Two members of the family of 3D superresolving pupil filters of Eqg. (8): (@) mapped function g(¢) for uw = 0.6, £=0.7 and for

u=0.85, £=0.55; (b) actua 2D representation.
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The two-point resolution of an imaging system is
usually evaluated in terms of the full width at the
half maximum (FWHM) of the centra lobe of the
irradiance PSF [17]. However, since the parabolic
term in the power-series expression for the irradiance

distribution in the focal region dominates within the
central lobe, an alternative method for evaluating the
resolution of optical systems are the transverse and
axial resolution gains defined by Sheppard and
Hegedus [7]. The gains are defined as the ratio of the
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Fig. 3. Variation of: (a) transverse; (b) axial; and (c) 3D resolution gains versus the obscuration parameter w, and for some typical values of
the asymmetry parameter ¢. Note that for a fixed value of & one can tune the 3D gain by simply continuously varying the amount of

obscuration.
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Fig. 3 (continued).

parabolic approximation of the irradiance response
provided by the nonapodized imaging system to that
corresponding to the apodized one.

The transverse, G, and the axial, G,, resolution
gains are [11]

1+2¢ o
G, = %a and G, =—, (6)
1+ 2¢ o,

T

respectively, where subscript ‘c’ corresponds to the
nonapodized circular pupil, and subscript ‘a to the
apodized pupil. In Eq. (6) ¢ is the mean abscissa of
the function (&) and o the standard deviation. A
superresolving effect in one of both directions, trans-
verse or axia, is obtained when the value of the
corresponding gain is bigger than unity.

For the clear circular pupil, g(&) =rect(£), the
mean abscissa and the standard deviation are &, = 0
and o, =1/V12, respectively. Thus, the gains can
be definitively written as

Gy=yY1+2¢ ad G,=V120,. (7)

Finally, since we are analyzing the 3D resolving
power of optical systems, we can define the 3D gain
in resolution as the product G, = G,G%, where we
have considered that the quadratic 3D irradiance PSF
has an ellipsoidal form.

As it is made clear above, for obtaining axial
superresolution it is necessary that o, > a;. Thus, the
vaue of g(&) in the vicinity of ¢é¢= —05 and
&= +0.5 should be much bigger than at £=0. In
other words, we need a purely absorbing pupil filter
whose amplitude transmittance, p( p), is maximum
a p=0anda p=1, and minimumat p=1/2.
Note that this kind of filter enhances the low and the
high frequencies over the intermediate frequencies.

On the other hand, to produce an effect of trans-
verse superresolution we need that the mean abscissa
of q(£) is bigger than zero. Then the light through-
put in the vicinity of ¢£= +0.5 should be much
bigger than in the vicinity of &= —0.5. In other
words, we need a pupil filter, p(p), that enhances
the high frequencies over the low frequencies.

Since our aim here is designing pupil filters to
achieve 3D superresolution, the above two condi-
tions should be simultaneoudly fulfilled. This re-
quirement could be satisfied by continuously-varying
purely-absorbing filters. However, although digital-
halftoning techniques have been recently adapted to
produce radially-symmetric pupil filters [18], such
filters are till difficult to fabricate for practical use.
In order to be useful for mass production, the apodiz-
ers should offer the following: simple structure, low
production cost and high tolerance. Thus, according



FULL LENGTH ARTICLE

272 M. Martinez-Corral et al. / Optics Communications 165 (1999) 267—278

to these constrains we propose the set of annular
binary filters characterized by the mapped function

E+(e—05)u

q(¢) =rect(§) — rect . (8

with 0.5<e<1, and 0 < eu < 0.5. From now on,
parameter u will be called as the obscuration param-
eter and ¢ as the asymmetry parameter.

Note that any member of the above family of
filters consists of a circular pupil obstructed by an
annular mask, in such a way that the area of the
resulting transparent annulus is higher than that of
the central circular aperture, asit isillustrated in Fig.
2.

To investigate the superresolving properties of the
proposed set of annular binary filters, we first calcu-
late the moments of the function g( ¢). We obtain

m0=1—,u,ml=(a—0.5)p,2,
and
m, = 5[1—4u3(3s% - 3¢+ 1)] . (9

Therefore, the resolution gains provided by the set
of binary filters are

GT= 1+(28_—1)le (10)
\/ 1—p

and

1
GA=fM\/M4—4M3[1+3g(g—1)] —u+1.

(11)

In Fig. 3 we have plotted the variation of the
transverse, axial, and 3D resolution gains as a func-
tion of the obscuration parameter w, and for some
typical values of the asymmetry parameter ¢. Note
from Fig. 3athat, for afixed value of ¢ the function
G+(w) has a slowly-varying behavior, with positive
dope, so that the maximum transverse resolution is
attained when p reaches its maximum value. On the
contrary, the function G,( w) shows a slowly increas-
ing variation only for low and intermediate values of
., where the gain reaches the maximum value. For
high values of w the axial gain dramaticaly de-
creases (see Fig. 3b). This fact limits the amount of
obscuration that can be used. Finaly, in Fig. 3c we

have depicted the variation of the 3D resolution gain.
From thisfigure it is clear that for a fixed value of &
one can gradually increase, between certain limits,
the 3D resolution of the system simply by continu-
ous variation of the parameter u. Moreover, as the
value of & decreases, the maximum achievable value
of the 3D resolution gain increases. However, a price
is paid: the irradiance peak, S, drops as the obscura-
tion parameter increases according to S= |h(0,0)|?
=m=(1— >

3. Application to optical data storage systems

The design of superresolving filters has consti-
tuted the aim of many research efforts. The irradi-
ance impulse response provided by such filters has a
narrow central lobe, but, unfortunately, large side-
lobes. As aresult, the usable field of view is dramat-
icaly reduced. Therefore, the application of such
filtering technique is not very useful in conventional
imaging systems. Nevertheless, over the last few
years two novel important optical techniques have
been developed in which the above drawback is
overcome.

On the one hand, in optical data storage setups the
use of superresolving filters for decreasing the laser
writing spot size and increasing the read optics reso-
lution, with the aim of improving the bit packing
density of optical disk systems, has been extensively
proposed [19-26]. The requirements that pupil filters
should fulfill are: (i) narrow central lobe of the
irradiance transverse impulse response, (ii) maxi-
mum transverse sidelobe irradiance under a threshold
level, and (iii) not too low irradiance transmission
efficiency. The threshold level is dependent on the
recording medium, but in general it can be assumed
that to avoid recording errors the allowable sidelobe
irradiance must be < 30% of the main peak irradi-
ance [22].

Another important feature, which indeed was
taken into account only by Lee et al. [26], is an
improvement of sensitivity on the focus error signal,
i.e. an improvement in the axial resolution.

The use of pupil filters that fulfill some of the
above constrains has been already proposed [19-26].
However, up to now no pupil filters that satisfy all
the constraints have been proposed. At this point, it
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is remarkable that many members of the here pre-
sented family of annular binary filters simultane-
oudly fulfill al the above requirements. To exem-
plify this statement, we select the filter whose asym-
metry parameter is ¢ = 0.7 and whose obscuration
parameter is w = 0.6. For this filter the values for
the gains and the transmission efficiency are G, =
1.15, G; =1.17, and S= 0.16, respectively. In Fig.
4 we show the axial and the transverse behavior of
this filter, calculated according to Egs. (4) and (5).
Note from this figure that an important reduction in
the width of the central lobe is obtained both in the
transverse and in the axia direction. Moreover, the

L) (@)
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Fig. 4. (&) Normalized axial irradiance PSF corresponding to a
system apodized by the annular filters whose parameters are
n=0.6, £ =0.7 (dashed line), and a nonapodized system (solid
line); (b) normalized transverse irradiance PSF for the same cases.
Note that an important reduction in the FWHM is obtained both in
the axial and in the transverse direction.

largest transverse sidelobe is low (about 11%), which
is quite important in the writing process. This is
because the proposed radially-symmetric filter atten-
uates the intermediate frequencies [4].

As for the readout process, it is remarkable that
by the use of a confocal readout system [27], which
involves the use of a narrow aperture in the detector
plane, both the transverse and the axial sidelobes are
extinguished.

Finally, we would like to remark that whereas the
use of a shading band as a pupils filter, as proposed
by some researchers [22—-26], permits a transverse
resolution improvement only in the direction of scan,
the annular binary filter presented here is appropriate
for improvement in two dimensions.

4. Application to confocal scanning systems

The second imaging technique where superresolv-
ing filters are useful is confocal scanning microscopy
[28-37]. In the case of bright-field confocal scanning
systems, the irradiance PSF is given by

(0,Wy) = |hiI(U’W20) hcoI(U'W20)|2' (12)

where
(v, W) = f_OjSQil( &) exp(—i2mWy )

><J0(2m,/54r O.5)d§, (13)

represents the amplitude PSF of the illumination set,
whereas

Neor (0, W) = foi_)qcol( &) exp(Fi2mWyy &)

xJ(2mv/€+05)d¢, (14)

is the amplitude PSF of the collecting arm. The
upper and lower signs correspond to the reflection
and the transmission architectures, respectively. Note
that in Eq. (12) it is assumed that the pupil functions
of the two arms of the confocal setup have the same
radial extent.

What we propose now is the use of our annular
binary filters in the illuminating arm of the confocal
system to improve its 3D resolution power. Thanks
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to the multiplicative character of the 3D irradiance
PSF, the large axial and transverse sidel obes inherent
to the use of the annular filters are drastically re-
duced by placing a clear circular aperture as the
collecting-set pupil.

In order to select, among the set of annular binary
filters, the most suitable for obtaining 3D superreso-
[ution we should take into account that the resolution

gains defined in Section 2 are not valid for describ-
ing the focal behavior of confocal systems. This is
because now the irradiance PSF is given by the
squared modulus of the product of two individual
PSFs. Therefore, it is convenient to define the confo-
cal gains in resolution.

It is straightforward to find (see Appendix A)
that, within the second order approximation, the
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Fig. 5. Variation of: (a) transverse; (b) axial; and (c) 3D resolution confocal gains versus the obscuration parameter w, and for some typical

values of the asymmetry parameter ¢.
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Fig. 5 (continued).

variation of the normalized irradiance in the foca
region of an apodized confocal system is given by:
(a) the foca plane (see Eq. (A.8)),

In(0,0) =1 =271+ & + &q )0 (15)

Following a reasoning similar to that of Section
2, i.e. by comparing the quadratic fall-off for the
irradiance responses provided by the non-
apodized and the apodized confocal set-ups, the
confocal gain in transverse resolution is then
given by

CGr=y1+§& + &y - (16)

Since we have assumed that a clear circular
aperture is used as the collecting-set pupil (and
then &, = 0), the gain can be rewritten as

CG,=|1+§, = %\/1+ G2, (17)

where we have expressed the value of the confo-
cal gain in terms of the conventional gain.
(b) the optical axis (see Eq. (A.4)),

IN(OWy) =1 — 4772(0'”2 + U'cgl )szo . (18)

Therefore, the confocal gain in axial resolution is
CG, = 6( ol + O'Cé) . (19)

If we assume again that g, (&) = rect(¢), then
g2 =1/12. Consequently, the axia gain is
rewritten as

1
CG, =1/2+ 60?2 = ﬁ‘/H GZ, (20)

where G, represents the conventional gain in

axia resolution.

Finally, the confocal gain in 3D resolution is
defined as the product CG,, = CG2 CG,.

By using the values of the conventional gains (see
Egs. (10) and (11)) corresponding to the proposed set
of annular binary filters, we can evaluate the depen-
dence of the confocal gains with the parameters u
and ¢. In this context, in Fig. 5 we have plotted the
variation of the transverse, axia and 3D confocal
resolution gains as a function of w, and for some
typical values of &.

Note from this figure that, for a given value of the
asymmetry parameter, the 3D resolution power of
the confocal system can be tuned by simply gradu-
ally increasing the obscuration parameter w.
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annular filter 1. The solid curve correspond to the
nonapodized confocal system.

Note from this figure that by simply placing an
annular binary filter in the illuminating path of the
confocal system, an important reduction in the cen-
tral lobe of the quadratic irradiance PSF in the axial
and in the transverse direction (and therefore in any
other direction passing through the focus) is achieved.

As for the influence of the above annular filter in
the transfer function of the confocal system, it can be
easily found that the cut-off spatial frequency re-
mains unaffected in both that transverse and the axial
direction. Moreover, it is achieved, adso in both
directions, a dlight diminution for the low frequen-
cies and a significant enhancement for the high
frequencies. Providing then an equalization in the
transfer functions. Therefore, it could be stated that
by using the above annular filter it is obtained an
improvement in the quality of images of extended
objects.

We would like to emphasize that although we
have focused our study on confocal systemsin which
only one of the pupils is apodized, our formalism
could be also applied to analyze the performance of
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Fig. 6. (2) Normalized axial irradiance PSF of a confocal micro-
scope whose illuminating set incorporates the annular filter whose
parameters are u = 0.85, ¢ = 0.55. The solid curve corresponds to
the nonapodized set-up; (b) bormalized transverse irradiance PSF
for the same confocal cases.

As an example of the improvement in 3D resolu-
tion that can be achieved by the use of this method
we consider the annular filter whose parameters are
£=0.55 and p = 0.85. The value for the 3D confo-
cal gain provided by this filter is CG,y = 1.45.
Therefore, the filter produces a quite important re-
duction in the width of the 3D irradiance PSF, and
then a very important improvement in the 3D resolu-
tion power of the confocal system. To illustrate the
effect produced by this filter in the PSF of the
confocal set-up, in Fig. 6 we show the transverse and
the axial irradiance PSF of a confocal system whose
illuminating-set pupil is apodized by the proposed

systems in which both arms are apodized. In such a
case, the confocal gains are those defined in Egs.
(16) and (19). It is remarkable that these formulae
congtitute a very useful tool for the design of the
optimal pair of filters when dealing with twofold
apodized confocal set-ups, as those reported in refer-
ences [36] and [38].

Note, finally, that although the results obtained in
this paper have been deduced for the bright-field
mode, they also hold for the fluorescence mode.

5. Conclusions

We have designed a new set of annular binary
filters which have the ability of tuning the 3D resolu-

! The term apodization etymologically comes from the Greek
(to remove foot), and involves the suppression, or at least a
considerable decrease, of the sidelobes of the diffraction pattern.
However, during the last decades the use of this term has been
extended, and then now it is generally accepted the use of the
word apodization to denote any modification of the uniform
amplitude distribution of the pupil (see reference [1)).
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tion power of imaging systems. The filters consist of
a central circular aperture and a concentric annulus
such that its area is bigger than that of the inner
circle. The corresponding 3D resolution gain de-
pends on the value of the design parameters ¢ and
. It was shown that for a given value of &, the 3D
resolving power of the system can be tuned by
simply gradually change the obscuration ratio w.

We have recognized that the members of the
proposed family of annular filters can be used to
improve the performance of two important, recently
developed, optical techniques. In the case of optical
data storage set-ups, the use of the proposed filters
permits to increase the bit packing density of optical
disks. This is because the filters provide a narrow
central lobe of the irradiance impulse response, both
in the axial and the transverse direction, a low value
for the maximum transverse sidelobe irradiance, and
a reasonable irradiance transmission efficiency. Fur-
thermore, we estimate that the use of these filters can
be aso very useful for the readout system of volu-
metric optical disks, since they can reduce the inter-
layer cross talk [39].

To analyze the ability of the filters to improve the
resolution of confocal scanning set-ups, we have
defined the confocal gains in resolution. Although in
our study we have centered our attention in the case
in which a clear circular aperture is used as the
collecting-set pupil, a more general study, in which
pupil filters are placed in the two arms of the confo-
cal set-up, could also be performed. The study of the
dependence of the confocal gains with the asymme-
try and the obscuration parameters, alows us to
recognize that an important improvement in 3D reso-
lution of confocal systems can be obtained by using
our binary filters.
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Appendix A

The axial amplitude PSF of the illuminating and
the collecting arms of a confocal system are given by
the 1D Fourier transform of the corresponding pupil
filter (as it can be inferred from Egs. (13) and (14)).
The kernel of these Fourier transforms can be ex-
pressed as a power series as

o = (Fi2aWy £)"

exp( Fi2nWyé) = ) ———————

n=0

Then, the individual axia amplitude PSFs can be
written in the form

® (- |27TW20) .
hi(0,Wy) = Z —m,

~ (A1)

= (Fi2aWy)"
and he (0,Wy) = ) J
n=0
where m! and m®' represents the nth moment of the
functions ¢,(£) and g, (£), respectively.
Now, the amplitude PSF of the confocal set-up
can be approximated by

hiI(O'WZO) hcoI(O’WZO)

- mo, (A.2)

il col
my my

—f — ) WZO

=myme|1—i27
my — m

m mcol ml m<:o|
o M2 2 1 2
27—t o T 27 =7 |Wao | -

My Mg my Mg
(A.3)

Therefore, taking into account that we deal with
purely absorbing pupil filters, the normalized axial
irradiance PSF of the confocal system is given, in
parabolic approximation, by

In(0Wy) = %
m m' \?
=147 [mﬁ (F;!)
mZ im WWZ
meo meo 20
=1- 4772( ol + o} )W220 . (A.4)
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For the case of the transverse PSF, we use the
formula of the power expansion of J, [40], that is
= (=1)" 2
H(2m/E+05)= ¥ W(m,/gJr 05)™".
n=0 :
(A.5)

Then, the individual amplitude transverse PSFs can
be written, for both the illuminating and the collect-
ing sets, in terms of the moments of q(¢) as

m,
h(u,0)=m0—772(70+m1)02+.... (A.6)

So, the amplitude transverse PSF of the confocal
system can be approximated by
hy(v,0) heg (0,0)
1+ - + W vol. (A?)

0 0

~ mil ;meol _ 2
=mymy [1— =

Finally, the normalized transverse quadratic irra
diance PSF is

I(v,0 _
(v0) = 1—2772(1+ &+ & )07

Iy(v,0) = 1(00)

(A.8)
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