
Optics Communications 380 (2016) 21–27
Contents lists available at ScienceDirect
Optics Communications
http://d
0030-40

n Corr
E-m
journal homepage: www.elsevier.com/locate/optcom
Image enhancement by spatial frequency post-processing of images
obtained with pupil filters

Irene Estévez a, Juan C. Escalera a, Quimey Pears Stefano b, Claudio Iemmi b,
Silvia Ledesma b, María J. Yzuel a, Juan Campos a,n

a Departamento de Física, Universidad Autónoma de Barcelona, 08193 Bellaterra, Spain
b Departamento de Física, FCEyN, Universidad de Buenos Aires, Buenos Aires 1428, Argentina
a r t i c l e i n f o

Article history:
Received 10 March 2016
Received in revised form
26 May 2016
Accepted 27 May 2016

Keywords:
Image enhancement
Diffraction
Apodization
Resolution
x.doi.org/10.1016/j.optcom.2016.05.076
18/& 2016 Published by Elsevier B.V.

esponding author.
ail address: juan.campos@uab.es (J. Campos).
a b s t r a c t

The use of apodizing or superresolving filters improves the performance of an optical system in different
frequency bands. This improvement can be seen as an increase in the OTF value compared to the OTF for
the clear aperture.

In this paper we propose a method to enhance the contrast of an image in both its low and its high
frequencies. The method is based on the generation of a synthetic Optical Transfer Function, by multi-
plexing the OTFs given by the use of different non-uniform transmission filters on the pupil. We propose
to capture three images, one obtained with a clear pupil, one obtained with an apodizing filter that
enhances the low frequencies and another one taken with a superresolving filter that improves the high
frequencies. In the Fourier domain the three spectra are combined by using smoothed passband filters,
and then the inverse transform is performed. We show that we can create an enhanced image better than
the image obtained with the clear aperture. To evaluate the performance of the method, bar tests (si-
nusoidal tests) with different frequency content are used. The results show that a contrast improvement
in the high and low frequencies is obtained.

& 2016 Published by Elsevier B.V.
1. Introduction

There are different image quality criteria to analyse the image
performance of an optical system. The Point Spread Function (PSF)
is commonly used to that purpose [1,2]. The Optical Transfer
Function (OTF) and the Modulation Transfer Function are used to
analyse the frequency transmission of an optical system [3–6] with
incoherent illumination.

Pupil filters have been widely used to improve some char-
acteristics of the response of optical systems [7–10]. For instance,
apodizing filters can reduce secondary maxima on the PSF [11].
Different types of superresolving filters have been used to sharpen
the principal maximum of the PSF, increasing the resolving power
[12,13].

Sheppard and Hegedus [14] introduced some performance
parameters that describe the focusing properties of rotationally-
symmetric pupil filters or masks in the paraxial regime. These
factors are expressed simply in terms of the moments of the pupil,
and avoid the necessity to calculate the diffracted field of the lens.
These gains were generalized in [15] for phase filters, working also
near the paraxial plane. Nevertheless, a complex pupil filter can
shift the Best Image Plane (BIP) away from the best image plane
without filter. So, in [16] we generalized the gain parameters for
any complex filter in the surroundings of the shifted focus.

In the last years many papers deal with the fast-developing
area of computational photography where a combination of ima-
ging techniques and efficient image processing algorithms are
done to generate a super imaging system. Three main im-
plementations of the computational photography philosophy have
been intensively investigated and demonstrated: (i) multiple
aperture, (ii) light field photography, and (iii) multiexposure [17–
20].

In this paper we investigate an enhancement method of the
third kind (multiexposure). We show that the OTF produced by
some apodizing filters is better than clear pupil for low fre-
quencies, though the transmission of high frequencies is worst. On
the contrary, we also show that some superresolving filters
transmit better the high frequencies than the clear pupil, but with
bad behavior in the low frequency spectrum. So, we propose to
capture an image obtained with the low pass filter (apodizing
filter) and another taken with the high pass filter (superresolving
filter). Then, we combine the low and high frequency content from
both images through a post-processing. We show that we can
create an enhanced image better than the obtained with the clear
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Fig. 1. Modulation Transfer Function (MTF) obtained with a) 1�r2 filter, pupil 1
(dotted line) b) Clear pupil, pupil 2 (dashed line), c) r2 filter, pupil 3 (dashed dotted
line).
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aperture. Special care has to be taken in how the frequency mul-
tiplexing is done, to avoid unwanted effects on the global re-
sponse. To check the effect of this process in an image, bar tests
(sinusoidal tests) with different frequency content are used.

The process can be summarized as follows. Firstly, we calculate
the Modulation Transfer Function (MTF) of the clear pupil and
those produced by the apodizing and superresolving filter. Then,
we compare the three MTFs and we decide which part of the
spectrum is better for each pupil. Secondly, we select the best
annular zones of the Fourier spectrum of each pupil, and we
multiplex them. Thirdly, an inverse Fourier transform is calculated,
obtaining the enhanced image. The whole process is also applied
to the images of sinusoidal bar tests. The frequency content of the
enhanced and the original images are compared to analyse the
goodness of the procedure.

In Section 2 we study different pupil designs that can produce a
suitable apodizing or superresolving response. On one side we
study amplitude filters, polynomial (Section 2.1) or supergaussian
ring filters (Section 2.2). Once we have chosen the suitable pupil
filters (apodizing and superresolving) (Section 2.3) we calculate
the MTFs for each pupil. In Section 3 we describe in a detailed way
the spatial frequency post-processing method we propose to
merge the MTFs of the images obtained with the clear pupil, the
apodizing filter and the superresolving filter. In Section 4 we show
the enhanced images with extended object obtained with the
different designs. Finally, in Section 5, we expose our conclusions.
2. Pupil design

In this section we analyse different pupil designs that produce
apodizing and superresolving filters suitable for this application.

2.1. Pupil design: polynomial amplitude filters

First, we are going to look for polynomial amplitude filters that
can produce apodization or superresolution in the focal plane.
Polynomial amplitude filters have been widely used to produce
either apodization or superresolution. For instance, we showed in
[21] that filter with transmission amplitude P(r)¼1�r2 produces
apodization in the focal plane, and that filter P(r)¼r2 produces
superresolution in that plane. If we calculate the performance
parameters proposed by Sheppard and Hegedus [14], we obtain
the results we show in Table 1. Both filters produce the same axial
gain, Strehl ratio and transmitted energy, in fact we showed in [21]
that they produce the same axial response. Nevertheless, in the
best image plane filter P(r)¼1�r2 is an apodizing filter (transverse
gain is lower than 1) and filter P(r)¼r2 is superresolving (trans-
verse gain is higher than 1).

In Fig. 1 we show the MTFs produced by the clear pupil, the
apodizing and the superresolving polynomial filters. In Fig. 1 the
cut-off frequency for the clear pupil has been normalized to one.
We see that the apodizing filter (P(r)¼1�r2) is better in the low
Table 1
Performance parameters on the best image plane for the filters: filter 1, P(r)¼r2;
filter 2, P(r)¼1�r2.

Pupil filter Transverse
gain (GT)

Axial
gain
(GA)

Strehl
ratio (S)

Transmitted en-
ergy (E)

F¼S/E

Filter 1: P
(r)¼r2

4/3 2/3 1/4 1/3 3/4

Filter 2: P
(r)¼
1�r2

2/3 2/3 1/4 1/3 3/4
frequency region, the clear aperture in the mid frequency region
and the superresolving filter (P(r)¼r2) in the high frequency re-
gion. So, we see that these polynomial filters are suitable for the
intended application.

2.2. Pupil design: supergaussian ring amplitude filters

The purpose of this section is to investigate supergaussian ring
amplitude filters that can be tuned to obtain a specific MTF
(apodizing or superresolving response). Moreover, we intend to
improve other parameters of the optical response. In particular, it
is of interest to find amplitude filters that have a good perfor-
mance in PSF and MTF response, but with good transmitted energy
and Strehl ratio, in order to improve their practical
implementation.

In [22] the use of supergaussian rings (SGR) was proposed. In a
later work [23], we studied general conditions that complex and
real valued pupil filters must satisfy to produce identical axial
response. When we looked for practical examples, we realized that
it was better to modify the supergaussian rings in the variable r
(radial coordinate in the pupil plane) to supergaussian rings in
variable t ¼r 2:

{ }( ) ( ) Ω= − − ( )
α⎡⎣ ⎤⎦Q t t texp / 10

2

These pupil functions depend on three parameters. The para-
meter α determines the shape of the filter, for α¼1 the amplitude
transmittance becomes an annular Gaussian ring, and for α → ∞
the supergaussian ring is identical with an annular aperture or a
ring window. For practical applications we can consider that for
α ≥ 5 the supergaussian ring can be approximated to a ring win-
dow. The parameterΩ controls the width of the ring. α andΩ can
modify the value of the transmitted energy (E) of the pupil,
especially Ω. Finally, t0 is the center of the supergaussian profile
(in the variable t¼r2) and if the supergaussian ring is not trun-
cated appreciably in the interval [0, 1], the pupil function is sym-
metrical and then the value of t0 coincides with the centre of
gravity of the pupil transmission and the transversal gain is
GT¼2t0.

We have done an extensive study of the supergaussian rings
suitable for this application. First we have calculated the para-
meters GA, S, E and F defined in [14] for supergaussian rings in t for
different values of the SG ring parameters α, Ω and t0. The su-
pergaussian rings suitable for being apodizing must have α¼1 in
order to have a soft shape (not abrupt) and the best results (in
terms of apodization) are obtained for t0¼0. Then, we vary the
parameter Ω. Some of these results are shown in Table 2. We see
that all of them are apodizing, since GT is lower than 1, but in some
cases the Strehl ratio and the transmitted energy is very low.



Table 2
Supergaussian rings in t, α¼1, t0¼0 and different values of Ω.

Ω Transverse gain
(GT)

Axial gain
(GA)

Strehl ra-
tio (S)

Transmitted en-
ergy (E)

F¼S/E

0.2 0.225 0.087 0.031 0.125 0.250
0.4 0.450 0.345 0.125 0.250 0.500
0.6 0.646 0.647 0.272 0.375 0.725
0.8 0.773 0.816 0.428 0.495 0.864
1.0 0.846 0.895 0.557 0.598 0.932

Fig. 2. Modulation transfer function (MTF) produced by the: (a) clear pupil (solid
line); apodizing supergaussian rings with t0¼0, α¼1 and: (b) Ω¼0.2 (dashed
dotted line), (c) Ω¼0.4 (broken line) and (d) Ω¼0.8 (dotted line).

Fig. 3. Modulation transfer function (MTF) produced by the: (a) clear pupil (solid
line); apodizing supergaussian rings with t0¼0.9, α¼1 and: (b) Ω¼0.2 (dashed
dotted line), (c) Ω¼0.4 (broken line) and (d) Ω¼0.8 (dotted line).
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Finally, we choose three designs of apodizing supergaussian
rings, with the following parameters: t0¼0, α¼1, and Ω¼0.2,
0.4 and 0.8. In Fig. 2 we show the three MTFs produced by these
filters in comparison to the MTF of the clear pupil. It is clear that
the MTF produced by the supergaussian ring with parameters
t0¼0, α¼1, and Ω¼0.8 is the best. It has an extended zone in the
low frequency region with higher values than the clear pupil. We
see that this filter has a Strehl ratio of about 0.5 what leads to a
good compromise between a low transverse gain and a minimum
Strehl ratio. It is also very interesting to remark that this apodizing
SGR (Ω¼0.8) has much better transmitted energy (0.495 versus
0.33) and Strehl ratio (0.428 versus 0.25) that the polynomial
apodizing filter (see Tables 1 and 2). On the other hand if
Figs. 1 and 2 are compared it can be seen that they produce a very
similar frequency enhancement on the low frequency region that
we will study with more detail in Section 3.

In a similar way we analyse the response of superresolving
supergaussiang rings. Starting from α¼1 in order to have a soft
shape (not abrupt) and t0¼0.9 for obtaining the best results in
terms of superresolution Ω is varied. Some of these results are
shown in Table 3. Although all of them are superresolving, since GT

is higher than 1, in some cases for obtaining the best results in
terms of superresolution Strehl ratio and the transmitted energy is
very low, therefore it is necessary to compare the MTFs to evaluate
which design is better to achieve an image improvement. We will
have to compare the MTFs to evaluate which design is better to
enhance the image.

As an example we show in Fig. 3 the MTFs produced by the
Table 3
Supergaussian rings in t, α¼1, t0¼0.9 and different values of Ω.

Ω Transverse gain
(GT)

Axial gain
(GA)

Strehl ra-
tio (S)

Transmitted en-
ergy (E)

F¼S/E

0.2 1.684 0.130 0.072 0.210 0.344
0.4 1.469 0.420 0.204 0.346 0.589
0.6 1.290 0.704 0.375 0.473 0.793
0.8 1.183 0.845 0.531 0.588 0.904
1.0 1.123 0.909 0.649 0.680 0.953
clear pupil and by three superresolving supergaussian rings with
parameters: t0¼0.9, α¼1, and 0.2, 0.4 and 0.80. It can be appre-
ciated that the three supergaussian filters have a better response
in the high frequency region than the clear pupil. In particular, the
filter with parameters t0¼0, α¼1, and Ω¼0.80 produces a higher
response over more extended zone in that region. It should be
noted that this superresolving SGR (Ω¼0.8) has much better
transmitted energy (0.588 versus 0.33) and Strehl ratio (0.531
versus 0.25) that the polynomial superresolving filter (see
Tables 1 and 3). As both filters produce a very similar frequency
enhancement on the high frequency region, the SGR filter is the
best option for our purpose.

2.3. Pupil design: final selection

In the previous sections we have analysed different types of
pupil filters that can be used as apodizing or superresolving filters.
In Fig. 4 we show the amplitude transmission functions of the
designs we have chosen, two polynomial functions and two su-
pergaussian rings.

The two apodizing pupil functions are very similar, with max-
imum transmission in the centre of the pupil and a soft decay up
to the outer part of the pupil. The supergaussian ring has higher
transmission on the outer part of the pupil. Therefore, that makes
that the total transmitted energy is higher for the apodizing SGR
pupil filter.

On the other hand, the superresolving filters have high trans-
mittance in the outer part of the pupil and lower on the inner
region, with a soft decay to avoid producing ringing in the PSF. We
see that the superresolving SGR has higher transmission than the
filter P(r)¼1�r2, explaining the higher transmitted energy and
Strehl ratio of the SGR filter.

So, we have selected two apodizing filters and two
Fig. 4. Amplitude transmittance of the filters: a) Filter 1�r2 (dotted line), b) The
apodizing supergaussian ring (broken line), c) Filter r2 (solid line) and d) The su-
perresolving supergaussian ring (dashed dotted line).
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superresolving filters. All of them are amplitude transmission fil-
ters, meaning that they will produce a loss of energy. All of them
have a good performance in PSF and MTF response, but the su-
pergaussian ring filters are more flexible, letting us to increase the
transmitted energy and Strehl ratio, in order to improve their
practical implementation.
Fig. 6. Modulation Transfer Function (MTF) obtained with: a) 1�r2 filter, pupil 1
(dotted line) b) Clear pupil, pupil 2 (dashed line), c) r2 filter, pupil 3 (dashed dotted
line) d) Combination (solid line).
3. Spatial frequency post-processing method

This section presents the methodology followed in this work.
First the MTFs of the three different pupils: apodizing filter (pupil
1), clear pupil (pupil 2) and superresolving filter (pupil 3) are
calculated. Each of these functions is higher than the others in
some frequency band. For instance, the apodizing filter (pupil 1) is
better in the low frequency region; the clear aperture (pupil 2) in
the mid frequency region and the superresolving filter (pupil 3) in
the high frequency region.

Fig. 1, for instance, shows a graph with the three studied
Modulation Transfer Functions, where we can see the different
sections in which one pupil provides significantly better results
than the others. The purpose of this work is to create a synthetic
transfer function by combining the three previous ones. In the case
of three filters, three annular frequency bands are selected to have
the best transfer function. This combination takes the higher va-
lues of the MTFs for each region. The combination of the three
MTFs is shown in Fig. 8 with continuous line. To avoid the abrupt
junctions at the intersection points of the MTFs (f1 and f2), a linear
combination of the two adjacent MTFs is taken. In this way the
unions are soften. Let ( )Õ f be the Fourier Transform of the input

object, and ( ) ( ) ( )˜ = ˜ *i f O f OTF f1 1 , ( ) ( ) ( )˜ = ˜ *i f O f OTF f2 2 and

( ) ( ) ( )˜ = ˜ *i f O f OTF f3 3 be the Fourier Transform of the images ob-
tained with pupil 1, pupil 2 and pupil 3 respectively. From these
Fourier Transforms we generate a combined (enhanced) Fourier
Transform ( )ĩ f .

Fig. 5 shows how we divide the Fourier domain in five regions.
The first region goes from 0 up to a1, in this región ( ) ( )˜ = ˜i f i f1 . The
second region goes from a1 to b1 and in this band frequency region
( )ĩ f is evaluated by the following expression:

( ) ( ) ( ) ( )

( ) ( )

˜ = ˜ −
−

+
−
−
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where OTF1 and OTF2 are the Optical Transfer Functions of the
pupils 1 and 2, a1 and b1 are the first and last points of the interval
where we try to smooth the transition and f is the frequency. The
third region goes from b1 up to a2, in this región ( ) ( )˜ = ˜i f i f2 . The

fourth region goes from a2 to b2. In this region ( )ĩ f is evaluated in a
similar way as we have described in Eq. (1) but in this case with
the OTFs corresponding to pupils 2 and 3. The fifth region goes
from b2 to the cut-off frequency. In this region we take ( ) ( )˜ = ˜i f i f .3

In general, pupil filters may produce different transmitted
Fig. 5. Distribution of the five regions in the Fourier domain.
energy. Then, some coefficients are needed for the filters in order
to normalize the MTFs to produce the same maximum value.

Finally, by calculating the inverse Fourier transform of the
multiplexed information in the Fourier domain ( )ĩ f , the optimized
image is obtained.

Fig. 6 shows the MTFs produced with the polynomial amplitude
filters we studied in Section 2.1: the apodizing filter is the filter
(1�r2) and the superresolving filter is the filter (r2). In solid line is
also shown the enhanced MTF function obtained combining the
MTFs of the apodizing, clear pupil and superresolving filter.

In Fig. 7 we show the MTFs produced by the clear pupil and the
apodizing and superresolving supergaussian ring filters we se-
lected in Section 2.2. We see that the apodizing filter (t0¼0, α¼1,
Ω ¼0.8) is better in the low frequency region; the clear aperture in
the mid frequency region and the superresolving filter (t0¼0.9,
α¼1, Ω¼0.8) in the high frequency region. With continuous line
we show the combined MTF that we propose to improve the
spatial frequency response.

Fig. 8 shows a comparison of the MTFs produced by the clear
pupil and both the polynomial and supergaussian ring apodizing
and superresolving filters. First, we compare the low frequency
region. The MTF is better for the filter 1�r2 for very low fre-
quencies (Fig. 9). As the frequency increases, the MTF for the filter
1�r2 decays faster than for the apodizing supergaussian filter,
being the second one better.

Secondly, we analyse the high frequency region. At very high
frequencies, the MTF produced by the filter r2 is the highest, but
for lower range of frequencies, the MTF produced by the super-
resolving supergaussian ring is better. For the intermediate range
of frequencies the best results are obtained with the clear pupil.

Note that the results we show are an example of the technique.
In this work, we have used filters to improve the contrast in the
low and high frequency zones, but we can divide the pupil in more
Fig. 7. MTF produced by the: (a) apodizing supergaussian ring (dotted line),
(b) clear pupil (dashed line), (c) superresolving supergaussian ring (dashed dotted
line) and (d) combination (solid line).



Fig. 8. MTF obtained with the: a) Clear pupil (broken line), b) Apodizing super-
gaussian ring (light dotted line), c) Filter 1�r2 (dark dotted line), d) Superresolving
supergaussian ring (light dashed dotted line), e) Filter r2 (dark dashed dotted line).

Fig. 9. Zoom of the low frequency region of the MTF obtained with the: a) Clear
pupil (broken line), b) Apodizing supergaussian ring (light blue line), c) Super-
resolving supergaussian ring (light dashed dotted line), d) Filter r2 (dark dashed
dotted line), and e) Filter 1�r2 (dark blue line). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. Sinusoidal bar test, zoom of the: (a) high frequency region and (b) low
frequency region. image obtained with the clear pupil, zoom of the: (c) high fre-
quency region and (d) low frequency region.

Fig. 11. Image obtained with the 1�r2 filter, zoom of the: (a) High frequency region
and (b) Low frequency region. Image obtained with the r2 filter, zoom of the:
(c) High frequency region and (d) Low frequency region.
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frequency bands and use the filters that increase the contrast in
these regions. On the other hand, if one increases the number of
filters, the time to take the image also increases as well as the
artefacts that can create the transitions between zone filters.
Therefore, we have to make a trade-off between the contrast im-
provement and the time to take the images and process them.
Fig. 12. Image obtained with the supergaussian apodizing filter, zoom of the:
(a) high frequency region and (b) low frequency region. image obtained with the
supergaussian superresolving filter, zoom of the: (c) high frequency region and
(d) low frequency region.
4. Enhanced images obtained with extended objects

In this section we analyse the simulation results obtained with
extended objects. The extended image study is performed by using
a sinusoidal bars test with variable frequency is generated to have
an object with the frequencies well localized in the spatial domain.
This frequency test corresponds to the function:

πν= + ( )· ( )
⎡⎣ ⎤⎦T x x

1
2

1 sin 2 3

where ν is a variable that linearly increases to obtain all the fre-
quencies. This is shown in Fig. 10(a and b). As the object is quite
long, we have selected two zones of interest: the high frequency
region (Fig. 10a) and the low frequency region (Fig. 10b). So, each
image is divided in two parts, the zoom of the high frequencies on
the top and the low frequency region on the bottom.

The image obtained by the clear pupil (Fig. 10(c and d)) shows a
decrease on the contrast for all the frequencies, especially for the
high ones (Fig. 10(c)). On the left zone of Fig. 10(c) we can see the
frequencies that are close to the diffraction limit, that are not
transmitted by the clear pupil.

Fig. 11 shows the image obtained with the apodizing and su-
perresolving polynomial filters. These images can be compared
with the image produced by the clear pupil (Fig. 10(c and d)). The
image obtained with the 1�r2 filter shows a contrast decrease in
the high frequency band filter (Fig. 11(a)) and an increase of the
contrast on the low band filter (Fig. 11(b)). The contrary happens
by using the r2 filter, it shows a contrast increase in the high fre-
quency band filter (Fig. 11(c)) and a decrease of the contrast on the
low band filter (Fig. 11(d)).

Fig. 12 shows the image obtained with the apodizing and su-
perresolving supergaussian ring filters. These images can be
compared with the image produced by the clear pupil (Fig. 10) and
also with the corresponding images obtained with the polynomial
filters (Fig. 11). The image obtained with the SGR apodizing filter
shows a contrast decrease in the high frequency band filter (Fig. 12
(a)) and an increase of the contrast on the low band filter (Fig. 12
(b)). The contrary happens by using the SGR superresolving filter,
it shows a contrast increase in the high frequency band filter
(Fig. 12(c)) and a decrease of the contrast on the low band filter
(Fig. 12(d)).

Finally, in Fig. 13 we compare the enhanced images of the bar



Fig. 13. Enhanced images obtained by: The polynomial filters, zoom of the: (a) high
frequency region and (b) low frequency region; the supergaussian filters, zoom of
the: (c) high frequency region and (d) low frequency region.

Fig. 14. Profile line graphs in the low frequency region obtained with the: A) clear
pupil (solid line), b) supergaussian filters (broken line), polynomial filters (dashed
dotted line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 15. Profile line graphs in the high frequency region obtained with the: a) clear
pupil (solid green line), b) supergaussian filters (solid red line), polynomial filters
(solid blue line). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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test obtained with the combination of the polynomial filters and
clear pupil (Fig. 13(a and b)) and the enhanced image obtained
with the combination of the supergaussian ring filters and clear
pupil (Fig. 13(c), (d)). Both the polynomial enhanced image (Fig. 13
(a)) and the supergaussian enhanced image (Fig. 13(c)) are better
in the high frequency region than the clear pupil image (Fig. 10(c)).
On the low frequency region the best results are obtained by the
polynomial filters (Fig. 13(b)), then the supergaussian filters
(Fig. 13(d)), being both better than the clear pupil (Fig. 10(d)).

Comparing the enhanced images, it seems that the polynomial
filters produce a higher contrast on the very high frequencies
(Fig. 13(a)). On the other side, the main advantage of using the
supergaussian filters is that they transmit more energy, it would
permit to obtain brighter experimental images.

In order to summarize the results and quantify the improve-
ment of the processed images, line profiles corresponding to the
low frequency region, are shown in Fig. 14. It can be seen that the
responses produced by the supergaussian a polynomial filters are
almost the same, and in both cases with better contrast than the
clear pupil.

Fig. 15 shows line profiles of images corresponding to the high
frequency region. In this case it can be seen that the image pro-
duced by the clear pupil exhibits a very low contrast. On the
contrary, the two enhanced images show a contrast improvement,
being a little better that given by the polynomial filters. These
figures clearly show the enhancement on the image produced by
the spatial frequency post-processing method we propose.
5. Conclusions

A method to improve the contrast in low and high frequency
bands of an imaging system is proposed. It is based on the gen-
eration of a synthetic Optical Transfer Function, by multiplexing
the OTFs given by the use of different non-uniform transmission
filters on the pupil.

The use of different types of pupil filters is investigated. Am-
plitude filters are shown to be suitable, in particular we have
considered some types of polynomial and supergaussian ring fil-
ters. Two examples are given by using the clear aperture, an
apodizing filter that improves the low frequencies, and a super-
resolving filter that improves the high frequencies. We have
shown that the supergaussian ring filters can produce similar re-
sults to the polynomial amplitude filters but with much better
transmission of light.

The final image is obtained in the Fourier domain by per-
forming a combination of the three spectra. The transition be-
tween bands is smoothed to avoid artifacts on the final image that
is obtained by inverse Fourier transforming the combined spec-
trum. The numerical simulations with an extended object show
that a contrast improvement in all frequencies is obtained.
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