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Abstract. In this paper, a novel aperture based on Tolardo concept composed of a
central clear disc surrounded by a series of black and white (B/W) concentric annuli of
equal transmittance is presented. Different apodized apertures of different number of B/W
annuli are suggested in order to improve further the three-dimensional resolving power of
confocal imaging systems. Both the axial and lateral point spread functions (PSF) and
the corresponding irradiances are computed in both cases of conventional and confocal
scanning microscopes for the above-mentioned amplitude filters. These results of axial
and lateral irradiances are graphically represented by constructing a computer program
using MATLAB. The obtained results are compared with that obtained in case of circular,
annular, and Martinez-Corral apodized aperture.
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1. Introduction
The transverse resolution of the coherent scanning optical microscope (CSOM) is
dependent on the apertures of the objective lenses. This microscope [1–5] is composed of two conjugate objective lenses arranged in tandem where the transparent
object is located at the common short focus of the objectives. The mechanical
scanning of the object is made synchronized with the electronic scanning of the
detector in order to construct the image during its scanning. It is usual to mention that the point source and the point detector are basically responsible for the
spatial coherence of the illumination and the detection [6–10]. The theory of this
confocal microscope showed that the resultant point spread function is calculated
as the product of the point spread functions corresponding to both the objective
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lenses. The main advantage of this confocal microscope is its ability to give better
resolution when compared with the conventional optical microscopes.
Another advantage of the confocal microscope is its ability to suppress the legs
of its irradiance distribution. Further improvements of transverse resolution are attained [11–16] due to amplitude modulation designed on the apertures. Hence, most
of the reported apodization techniques have been aimed at improving the resolving capability of conventional two-dimensional (2D) imaging system, and therefore
improving the transverse resolution [14,15]. However, when dealing with confocal
imaging system, it is widely used because of its intrinsic optical sectioning capability
of imaging three-dimensional (3D) objects. Recently, many authors have designed
pupil filters based on Tolardo concept [17]. Tolardo showed that by subdividing
the pupil into a proper number of concentric annular zones with constant transmittance, a band-limited transverse diffraction pattern of any shape may be obtained.
His concept of modulation has been further applied for shaping the transverse PSF
[16,18,19] and also the axial PSF [20–24]. Consequently, both the transverse and
axial resolutions are considered equally important for the three-dimensional imaging.
Recently, different apodization techniques were proposed by many authors.
Among these authors, are Cheng and Siu [25] and Siu et al [26]. They used the
apodization technique to achieve the suppression of the side lobes in the point
spread function in confocal scanning system. A combination of high numerical
aperture of 1.45 oil immersion lens with super-resolving binary filters has been
experimentally used to obtain an effective increase in axial resolution by measuring the full-width-half-maximum (FWHM). Also, a novel high-resolution scanning
confocal microscope [25] with high numerical aperture (NA = 1) parabolic mirror
objective is investigated.
In this paper, a novel pupil based on Tolardo concept is presented. A great
number of black and white concentric equally spaced annuli of N = 19 with constant transmittance is considered to compute both the lateral and axial amplitude
point spread function (APSF). Also, different arbitrarily selected manipulations of
non-equally spaced annuli and hence unequal transmittance may be used in order
to improve the resolution. The irradiance distributions of conventional and confocal microscopes are computed using our model of multi-ring aperture of equally
spaced annuli. Finally, the obtained results are compared with the corresponding
results of the transverse and axial irradiances in the case of Martinez-Corral et al
[23] and in the case of circular apertures. Also, no equally spaced annuli are investigated by changing the obscuration parameter µ. The obtained theoretical results
of the APSF and the corresponding irradiances are plotted using MATLAB [27]
and discussed, then followed by a conclusion.
2. Theoretical analysis
Consider the amplitude point spread function (APSF) of a coherent imaging system
apodized by a purely absorbing pupil filter. Hence [1], we write
Z 1
h(u, w20 ) = 2
P (ρ) exp(−j2πw20 ρ2 )J0 (2πuρ)ρ dρ,
(1)
0
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where P (ρ) is the pupil function, ρ being the normalized radial coordinate in the
pupil plane, u = (ρ0 /λf )r corresponds to the transverse radial coordinate expressed
in optical units, ρ0 being the maximum extent of the pupil, f is the focal length of
the imaging lens and J0 denotes the Bessel function of the 1st kind and zero order.
w20 = r20 /2λf 2 specifies the amount of defocus measured in units of wavelength
and r20 is the actual radial distance of the defocused cross-section.
Next, it is convenient to perform the following non-linear mapping in order to
separate the axial and transverse distributions.
ξ = ρ2 − 0.5,

q(ξ) = P (ρ).

(2)

Then, eq. (1) becomes
Z

0.5

h(u, w20 ) = 2

q(ξ) exp(−j2πw20 ξ)J0 [2πu

p

(ξ + 0.5)]dξ.

(3)

−0.5

The axial behavior of the system is obtained from eq. (3), at u = 0 as follows:
Z

0.5

h(0, w20 ) =

q(ξ) exp(−j2πw20 ξ)dξ = FT[q(ξ)],

(4)

−0.5

where FT is the exact Fourier transform realized by the transformation mentioned
in eq. (2).
The transverse behavior is obtained from eq. (3), at w20 = 0 as follows:
Z

0.5

h(u, w20 ) =

q(ξ)J0 [2πu

p

(ξ + 0.5)]dξ.

(5)

−0.5

These reported eqs (1)–(5) by Martinez et al are used in the next applications using
Martinez-Corral filter.
2.1 Martinez-Corral filter
The Martinez-Corral filter consists of a transparent annulus and central clear circular aperture of area less than the area of the annulus. The irradiances are computed
from eqs (4) and (5) to obtain these results:
·

·
¸2
¸2
sin(πw20 )
2 sin(πµw20 )
I(axial) =
+µ
(πw20 )
(πµw20 )
sin(πw20 ) sin(πµw20 )
cos[2πw20 (ε − 0.5)µ]
−2µ
(πw20 ) (πµw20 )

I(transverse) =

p
p
1
{J
(2πµ)
+
(0.5
−
ε)J
[2πµ
(0.5 − ε)]
1
1
π 2 µ2
p
p
− 0.5 + (1 − ε)µJ1 [2πµ 0.5 + (1 − ε)µ]},
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·

¸
ξ + (ε − 0.5)µ
q(ξ) = rect(ξ) − rect
,
µ
with 0.5 < ε < 1 and 0 < εµ < 0.5, µ is the obscuration parameter, and ε is the
asymmetry parameter.
2.2 Author’s filter
The aperture under study has a definite number of black and white (B/W) annuli
of a certain number of circles N = 20, where the center is a clear circular disc, as
shown in the figure in ref. [12]. The effective pupil of this aperture is mathematically
represented as follows:
P (ρ) = circ(ρ/ρ0 ) +

N
X

∆Pi (ρ),

(8)

i=1

where ∆Pi (ρ) = P2i+1 (ρ) − P2i (ρ) is the difference between any two successive
circular apertures representing an annular shape, N is the total number of circles
and ρ is the radial coordinate in the aperture plane (u, v).
2.2.1 Computation of the transverse APSF and its irradiance
The amplitude impulse response of the considered aperture or the amplitude point
spread function (APSF) is computed by operating the Fourier transform upon the
aperture represented by eq. (8) to obtain the following equation:
N

2J1 (α1 r) X
h(w) =
+
(α1 r)
i=1

½

2J1 (α2i+1 r) 2J1 (α2i r)
−
(α2i+1 r)
(α2i r)

¾
.

(9)

where α2i = (2π/λf )w2i and α2i+1 = (2π/λf )w2i+1 , J1 is the Bessel function of
the 1st order and r is the radial coordinate in the Fourier plane (x, y).
In the case of non-equally spaced annuli, eq. (9) is used in the computations
suppressing some annuli where the obscuration parameter has µ = 0.7895 giving
the best transverse resolution. It corresponds to the following parameters: central
disc of radius ρ = 1/19 followed by the dark annulus of µ = 15/19 = 0.7898,
then followed by the three remaining white–dark–white annuli. The other extreme
value of µ = 0.0526 will give a poorer resolution which corresponds to the following
parameters: central disc of radius ρ = 1/19 followed by the dark annulus of µ =
1/19 = 0.0526, then followed by 12 B/W annuli.
The transverse irradiance is the modulus square of the amplitude point spread
function represented as follows:
Itrans. (w) = |h(w)|2 .

(10)

In the case of confocal imaging systems the irradiance or the image of a point
becomes
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Itrans. (w) = |h(w)|4 .

(11)

For an aperture composed of a very thin annular shape combined with the transparent central disc, eq. (9) becomes
N

2J1 (α1 r) X
h(w) =
+
J0 (α2i+1 r).
(α1 r)
i=1

(12)

2.2.2 Computation of the axial APSF and its irradiance
The binary filter which is composed of 10 transparent annuli and ten black annuli
with a central clear disk in B/W cascaded concentric annular arrangement, as shown
in the figure in ref. [23], is represented as follows:
q(ξ) =

N
X

rect(ξ − nµξ0 ),

(13)

i=1

where ξ0 is the interval width between any two successive annuli and µ is the
obscuration parameter. The 1D Fourier transform is operated upon eq. (13),
making use of convolution operations, to get this result for the axial APSF:
N/2

h(w20 ) =

X

n=−N/2

sin(πw20 )
exp(j2πnµξ0 w20 ).
(πw20 )

(14)

This complex function of the axial APSF can be decomposed into real and imaginary
parts as follows:
N/2

X

Re al[h(w20 )] = sin c(w20 )

cos(2πnµξ0 w20 ),

(15)

n=−N/2

N/2

Im[h(w20 )] = sin c(w20 )

X

sin(2πnµξ0 w20 ).

(16)

n=−N/2

The corresponding axial irradiance of the ordinary optical systems is computed by
taking the modulus square of the axial APSF to get this result:

Iaxial (w20 ) = sin c2 (w20 ) 

N/2

X

2
cos(2πnµξ0 w20 )

(17)

n=−N/2

since the second summation over sine odd function is vanished. In the case of
confocal imaging, the axial irradiance is
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Iaxial (w20 ) = sin c2 (w20 ) 

4

N/2

X

cos(2πnµξ0 w20 ) .

(18)

n=−N/2

This can be rewritten as follows:

Iaxial (w20 ) = sin c4 (w20 ) 1 + 2

N/2

X

2
cos(2πnµξ0 w20 ) .

(19)

n=−N/2

3. Theoretical results and discussion
The proposed filter of multi-ring aperture of B/W concentric annuli of different
obscuration parameter (µ) is used in the calculation of the axial and lateral (transverse) PSF and the corresponding irradiances. Eight graphs representing the transverse PSF are shown in figures 1a–8a. These graphs are plotted using eq. (9). The
corresponding irradiances are obtained from eq. (10) and represented as in figures
1b–8b. The graphs of the confocal imaging irradiances are obtained using eq. (11)
and the plots are similar to the irradiances shown in figures 1–8 except that the
legs of the irradiance distribution are attenuated or suppressed. Our multi-ring
arrangement is composed of a central clear disc obstructed by a dark annulus of
obscuration parameter (µ) then followed by a sandwich of B/W annuli. Referring
to the above results, it is shown that the best transverse resolution is corresponding
to the following parameters: central disc of radius ρ = 1/19 followed by the dark
annulus of µ = 15/19 = 0.7898, then followed by white–dark–white annuli. The
result corresponding to this arrangement is shown in figure 1b. In this case, the
total number of annuli N = 19 and the total normalized radius of the aperture
is taken to be unity. It is shown that the transverse resolution is decreased as µ
is decreased reaching equally spaced concentric B/W annuli. The improvement of
transverse resolution in Martinez filter is at the expense of the appearance of the

Figure 1. (a) Normalized transverse point spread function, where the obscuration parameter = 0.7895. (b) Normalized transverse irradiance, where
the obscuration parameter = 0.7895.
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Figure 2. (a) Normalized transverse PSF, where the obscuration parameter = 0.6842. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.6842.

Figure 3. (a) Normalized transverse PSF, where the obscuration parameter = 0.5789. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.5789.

Figure 4. (a) Normalized transverse PSF, where the obscuration parameter = 0.4737. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.4737.
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Figure 5. (a) Normalized transverse PSF, where the obscuration parameter = 0.3684. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.3684.

Figure 6. (a) Normalized transverse PSF, where the obscuration parameter = 0.2632. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.2632.

Figure 7. (a) Normalized transverse PSF, where the obscuration parameter = 0.1579. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.1579.
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Figure 8. (a) Normalized transverse PSF, where the obscuration parameter = 0.0526. (b) Normalized transverse irradiance, where the obscuration
parameter = 0.0526.

Figure 9. (a) Normalized transverse PSF for Martinez filter. (b) Normalized
transverse irradiance for Martinez filter. (c) Normalized transverse PSF for
circular aperture. (d) Normalized transverse irradiance for circular aperture.

legs of the diffracted irradiance while only one leg of low height is appeared as in
figure 8b using our filter. Another advantage of our multi-ring arrangement lies in
its gain in intensity. The Martinez-Corral transverse PSF and its corresponding
irradiances are plotted in figures 9a and 9b. The axial irradiance is obtained using
Pramana – J. Phys., Vol. 66, No. 6, June 2006
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Figure 10. (a) Normalized axial irradiance for B/W concentric annuli. (b)
Normalized axial irradiance for Martinez filter. (c) Normalized axial irradiance
for clear circular aperture. (d) Normalized axial irradiance for B/W annuli,
Martinez filter and circular aperture.

eq. (17) and represented as in figure 10a. Another plot corresponding to Martinez
filter is made using eq. (6) where µ = 0.7 as shown in figure 10b. Also, a separate
curve of irradiance distribution for circular aperture is appeared as in figure 10c. A
set of axial irradiances for the different filters and circular aperture are combined
and plotted as shown in figure 10d, where the discontinuous curve is set for circular
aperture and the curve corresponding to our filter has no legs as compared with
Martinez curve which has a dominant distribution outside the central band. It
is shown that our axial irradiance curve lies between Martinez curve and circular
aperture discontinuous curve. Referring to the results shown in figure 10d our filter
has a resolution better than that obtained for the circular curve and less than the
Martinez resolution. The advantage of our filter when compared with Martinez
filter lies in its suppression of the legs of the axial irradiance and the reasonable
gain obtained of the detected intensity. It is shown, referring to the results of
the axial PSF for different values of µ, as shown in figures 11a–11d, that as the
obscurity parameter is increased the axial resolution is improved. As µ is decreased
the axial resolution becomes poorer and the legs of the diffraction pattern will
appear. Hence, it is recommended to take greater value of obscuration parameter
1046
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Figure 11. (a) Author’s axial irradiance, µ = 1.0. (b) I-axial, µ = 0.8. (c)
I-axial, µ = 0.5. (d) Martinez axial irradiance.

in order to get better resolution and equally to suppress the legs of the diffraction
pattern.
4. Conclusion
The model of multi-ring aperture of B/W concentric annuli is presented. We have
computed both the transverse and axial PSF and the corresponding irradiances.
The obtained results are compared with the results of Martinez-Corral annular
obstruction filter and also compared with the clear circular aperture. It is concluded
that the obtained transverse resolution is better than that obtained for circular
aperture while it is less than that obtained for Martinez filter. It is found that
the transverse resolution is dependent upon the obscuration parameter µ and is
improved for greater values of µ in the case of our filter. Hence, further improvement
of resolution may be attained in the case of non-equally spaced annuli which is
Pramana – J. Phys., Vol. 66, No. 6, June 2006
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dependent upon the obscuration parameter µ. The axial resolution corresponding
to our filter lies between the Martinez resolution and circular aperture resolution.
In the case of Martinez filter the legs of the irradiance distribution are appeared
while in the case of our filter complete suppression of the legs is occurred for µ = 1.0
making our amplitude filter better than the Martinez filter.
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