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Distortion-free imaging through a system with aberrations is possible for a certain class of input. The input
spatial spectrum must be restricted to spatial frequencies which are equally affected by the aberrations (i.e.,
which experience identical phase shifts mod27r). We demonstrate experimentally that if the aberrations can
be localized in the pupil plane, an arbitrary input can be prefiltered to produce a distribution which is imaged
without distortion by an aberrant system. Equivalently, the output of the system can be postfiltered to select
the information which was imaged without distortion.

1. Introduction
Imaging through inhomogeneous media or with in-

struments spoiled by aberrations poses problems of
considerable interest in imaging science. Of particu-
lar importance is the problem of imaging through dy-
namically changing disturbances, which requires a
real-time adaptive technique for its solution. Over the
years, a number of approaches have been proposed and
used to solve this problem. The general philosophy
has been to acquire some knowledge of the disturbance
and use that information to correct the distortion or
cancel its effects.

The technique which is proposed in this paper is
different. It is based on selection rather than correc-
tion. The phase aberrations in the pupil are not being
corrected or compensated for. Instead, the pupil is
simply blanked out with a mask wherever the phase
aberrations depart significantly from a constant phase
40 mod27r. What is left are those portions of the pupil
that act as though they were free from phase errors.

In the next section some of the most successful tech-
niques used for aberration compensation and correc-
tion are briefly mentioned and contrasted with the
method presented in this paper. The key idea, which
is to select and transmit only that part of the input
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information which is imaged integrally by the distort-
ing system, is described and discussed in Sec. III. Its
feasibility is demonstrated experimentally in Sec. IV.

II. Background
One approach used to compensate for the aberra-

tions of an imaging system consists of recording the
distorted output and using knowledge of the transfer
function to restore the signal via, e.g., inverse or Wie-
ner filtering.' As is well known, this approach has
serious drawbacks and does not lend itself easily to a
real-time or adaptive implementation.

Phase conjugation techniques have also been stud-
ied extensively as a means of correcting for the phase
distortions acquired on transmission through an inho-
mogeneous medium. Holographic techniques 2 3 were
recently extended to real-time- 6 and broadband sys-
tems.7 Exact phase conjugation, however, requires a
double pass through the medium. As a result, the
output is located on the same side of the inhomogenei-
ty as the input, which is not a very practical situation.
This limitation can be overcome in one-way systems
where the distortion is picked up by a carrier wave and
phase conjugated before being sent back together with
the signal information through the inhomogeneity. 8-10

An elegant way of imaging through inhomogeneities,
which combines superresolution" with phase conjuga-
tion to overcome some of the limitations of the latter
technique, was recently demonstrated.12 The tech-
nique relies on the idea that with an extended spatially
incoherent illumination, all the spatial frequencies of
an input are being transmitted through any one point
in the pupil. Imaging through a point pupil is of
course insensitive to aberrations, but knowledge of the
source is needed to decode the output. The scheme is
thus not readily suitable for self-luminous objects.
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Fig. 1. Generic linear space-invariant imaging system. Each
source element illuminates the input with a plane wave of spatial
frequency uS, which is scattered to a pupil element uh by an input

spatial frequency u0.

To terminate this short list, mention should be made
of the spectacular results obtained recently with adap-
tive optics, using a deformable mirror for real-time
wavefront correction. 13

As already mentioned, the method described in this
paper is selective rather than corrective. The basic
idea is extremely simple. An imaging system with
aberrations that can be localized in the pupil plane
such as shown in Fig. 1 can be represented by a general-
ized pupil function of the form14

P(u) = A(u) exp[iw(u)], (1)

where A(u) is the aperture function, w(u) is the phase
aberration, and u is a spatial frequency, which, for a
system of focal length F and wavelength A, is related to
the pupil coordinate via r = XFu.

Instead of trying to correct the phase distortion
w(u), one may decide to restrict the pupil to those areas
which have a constant phase 1o. This can be done
with a mask M(u), which transmits only the spatial
frequencies urn for which

w(um) =Do mod2ir (2)

and blanks out the rest of the pupil.
The solution IurnJ of Eq. (2) is located at the maxima

of interference of the wavefront exp[iw(u)] with a
plane wave of uniform phase (Po. This suggests a sim-
ple way of constructing interferometrically the spatial
filter which will render the imaging system insensitive
to the inhomogeneity. The situation is depicted in
Fig. 2. A plane wave (obtained from a single point
object) transmitted by the inhomogeneity produces a
wavefront exp[iw(u)] in the pupil. A hard clipped
interferogram of this wavefront will select the frequen-
cies umI satisfying Eq. (2) and thus constitutes the
needed spatial filter.

Since a pupil mask is being used, the image is in
general not perfect. Indeed the quality of the image
depends on the structure of the mask, and thus on the
aberrations themselves, and varies greatly with the
state of spatial coherence of the illumination. These
points are discussed further in the next section. Nev-
ertheless, however imperfect, the method has the ad-
vantage of being very simple both conceptually and in
its realization. It is applicable to illuminations having
an arbitrary state of spatial coherence as well as to self-
luminous objects, and it lends itself to possible real-
time or adaptive implementations.

Fig. 2. Interferometric selection of the set of spatial frequencies
u 1, which is identically affected by the inhomogeneity described by

a pupil function w(u) (i.e., experiences identical phase shifts -,o
mod27r).

I11. Discussion of the Method
Figure 1 shows a generic imaging system with aber-

rations. For simplicity, a four-F system with unit
magnification is depicted. It is trivial to generalize the
discussion to an arbitrary imaging system.14 With a
single point source, the input is illuminated with a
plane wave of spatial frequency u8= 0, and the imaging
is coherent. The source can also be extended, result-
ing in partially coherent or incoherent imaging. The
well known redundancy of an incoherent system is
illustrated by the fact that if the source extent is suffi-
ciently large, all the spatial frequencies u of the input
are being transmitted through any pupil point Uh.

With coherent illumination the transfer function of
the system is the pupil P(u) itself. An input with an
amplitude spatial spectrum F(u) thus leads to an out-
put having a spectrum

G(u) = A(u) exp[iw(u)]F(u). (3)

In the incoherent case, the optical transfer function
(OTF) is the autocorrelation of the pupil, and the
spatial spectrum of the output intensity distribution is
given by' 4

I(u) = [P(u) * P(u)] [F(u) * F(u)], (4)

where * denotes a correlation product.
A first conclusion that can be drawn from Eqs. (3)

and (4) is that, for any aberration function w(u), there
exists a class of input which is imaged without distor-
tion by the system. Indeed, if the spatial spectrum of
the input amplitude distribution contains only fre-
quencies urn satisfying Eq. (2), the identity F(u)
exp[iw(u)] = F(u) holds, and the output is identical to
the input for any state of coherence.

With an arbitrary input distribution, a pupil mask
(or spatial filter) M(u) must be used to transmit only
the frequencies satisfying Eq. (2). With this mask,
which is designed so that M(u) exp[iw(u)] = M(u)
exp((bo), the output spectra become in the coherent
and incoherent cases, respectively,

Gm(u) = A(u)M(u) exp(4 0)F(u), (5)
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Fig. 3. MTF of the imaging system equipped with the pupil mask
shown in Fig. 5 (sliced along a horizontal line).

Im(u) = [A(u)M(u) * A(u)M(u)] [F(u) * F(u)]. (6)

It is clear from this result that the quality of the
output image depends on the sharpness of the mask, or
equivalently, on the level at which the interferogram is
being hard clipped. The sharper the mask, the more
accurate the selection of the frequencies which are
unaffected by the distortion. For example, with co-
herent imaging, the residual pupil phase error mea-
sured in fractions of 27r is equal to the sharpness ratio
of the hard clipped interferogram (i.e., the ratio of
fringe opening to fringe spacing). However, a very
sharp mask will transmit little energy, and the output
SNR will be consequently reduced. Clearly, an opti-
mum trade-off has to be found in each particular case.

The effectiveness of the method also depends very
strongly on the state of coherence of the illumination.
In a coherent imaging system, a sharp mask results in a
very dilute pupil and drastically changes the coherent
transfer function. In general, only a small subset of
the spatial frequencies of the input is being transmit-
ted to the output. In principle, however, it is always
possible to superimpose sequentially a number of im-
ages obtained with different masks, each correspond-
ing to a different phase Do. In this way, the entire
input information can in principle be transmitted
without distortion.

If the imaging system is incoherent, the OTF is
determined by the autocorrelation of the pupil. The
autocorrelation of a dilute pupil is expected to have a
large peak near zero spatial frequency, to fall off more
rapidly, and to exhibit more fluctuations than the
autocorrelation of a clear aperture. The contrast of
the image is thus expected to be lower than that of an
image obtained with a clear aperture. However, since
the phase of the OTF is uniform, the image is free of the
usual distortions, contrast reversals, and artifacts due
to a nonuniform OTF phase. Furthermore, as long as
the aberrations are sufficiently random, or if the mask
contains large closed loop openings (e.g., rings), no
spectral information is being lost (although some fre-
quencies may be transmitted with a much reduced
contrast).

An example is shown in Fig. 3. For the experiment

r FILTER

INPUT
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Fig. 4. Experimental system used for the demonstration. The
dotted elements and laser beam were used only to record the spatial

filter interferometrically.

to be described in the next section, an imaging system
was spoiled by using a piece of shower glass near the
pupil plane. The mask necessary to make the system
insensitive to the aberration was obtained interfero-
metrically. A hard clipped version of the interfero-
gram is shown in Fig. 5. From this interferogram, it is
apparent that the aberration function w(u) exhibits
several peaks and valleys with a modulation depth of
the order of 10 waves. The resulting OTF of the
spoiled system is thus expected to not only fall rapidly
but to exhibit large phase fluctuations. The MTF of
the imaging system equipped with the selective mask
of Fig. 5 is shown in Fig. 3. This result was obtained by
optical correlation of the mask using a translating tem-
plate technique. As expected, the MTF has a large
central peak leading to low contrast images. However,
since the residual OTF phase errors are very small (the
mask sharpness ratio is of the order of one-fifth), the
image is nearly free of distortion. Furthermore, sim-
ple contrast enhancement techniques, based on back-
ground reduction, could be used to improve the con-
trast of the output.

IV. Experimental Results
The setup of Fig. 4 was used to demonstrate the idea

described in the preceding section. To record the
filter, a plane wave from a He-Ne laser was sent
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Fig. 5. Interferometrically recorded spatial filter. The inhomoge-
neity consisted of a piece of shower glass. Fig. 7. Unfiltered input imaged through the inhomogeneity (dis-

torted image).

Fig. 6. Unfiltered input imaged without the inhomogeneity (per-
fect image).

Fig. 8. Prefiltered input imaged through the inhomogeneity. The
prefiltered image is insensitive to the inhomogeneity.

through the inhomogeneity and made to interfere with
an unperturbed plane wave. The interferogram was
recorded on high contrast film and replaced in its
original position. In a first experiment, the incoher-
ently illuminated input was first prefiltered by the
recorded spatial filter, then imaged through the inho-
mogeneity as shown in Fig. 4. Figures 5-9 show the
results. The inhomogeneity was a piece of shower
glass. Its interferogram produced the filter of Fig. 5.
Note that this kind of random pupil phase aberration
is typical of imaging systems spoiled by propagation
through an inhomogeneous medium such as a turbu-
lent atmosphere. Figure 6 shows the unfiltered input

transmitted without the inhomogeneity (perfect im-
age). Figure 7 shows the unfiltered input imaged
through the inhomogeneity (corrupted image). Fig-
ure 8 is the filtered input imaged through the inhomo-
geneity. For comparison, Fig 9 shows the filtered
input imaged without the inhomogeneity.

The similarity in Figs. 8 and 9 shows that the spatial
filter has indeed made the imaging system insensitive
to the inhomogeneity. As expected, Fig. 8 is not quite
as good as the original of Fig. 6. As discussed in the
previous section, this is mostly due to the nature of the
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Fig. 9. Prefiltered input imaged without the inhomogeneity for Fig. 11. Input imaged through the inhomogeneity and then postfil-
comparison with Fig. 8. tered to extract a posteriori the image information which was trans-

mitted integrally through the inhomogeneity.

Fig. 10. Input imaged through the inhomogeneity in a direction
inverse of that shown in Fig. 3.

filter, which leads to a MTF having a large autocorrela-
tion peak and broad wings. The broad wings mean
that a large band of spatial frequencies is being trans-
mitted, but the large peak near zero frequency results
in a poor contrast.

The input can also be transmitted first through the
inhomogeneity and then filtered on the output side.
The setup used to demonstrate this was the same as
that of Fig. 4 except that the position of the input and
that of the output were inverted. The results were
essentially the same as those of the first experiment, as
is shown in Figs. 10 and 11. Figures 10 and 11 show the

unfiltered and filtered outputs, respectively. In both
cases, the input was first transmitted through the in-
homogeneity before being filtered. The inhomogenei-
ty was somewhat more severe than for the first experi-
ment, leading to the more severely degraded image of
Fig. 10.

In principle, the input should be illuminated with
quasimonochromatic light having the same average
wavelength as that used to record the filter. This
requirement, however, is surprisingly weak. For the
results shown, tungsten light filtered with a broadband
red gelatin filter was used. No significant improve-
ment was observed when a narrowband interference
filter was used instead.

V. Conclusions
We have demonstrated that distortion free imaging

through a system with aberrations that can be local-
ized in the pupil plane is possible if the optical system
selects a set of spatial frequencies which is identically
affected by the inhomogeneity (i.e., experience identi-
cal phase shifts mod27r). Perhaps one of the main
advantages of this technique is the simplicity with
which the necessary spatial filter can be calculated or
recorded as an interferogram. This step could in prin-
ciple be realized in real time, using high speed phase
shifting interferometry to acquire the data and a real-
time spatial light modulator to realize the filter. Such
a device would make it possible to implement an adap-
tive system in which the filter is continually updated to
match the dynamic changes of the inhomogeneous me-
dium.
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