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Y MICHAEL C. ROGGEMANN AND DAVID W. TYLER

nconventional imaging techniques have been stud-

ied to improve the ability to obtain high resolution
images of distant objects viewed through a random medium
such as the atmosphere. In this paper, the term “conventional
imaging” refers to the common case of opening the shutter of
a large telescope, collecting photons on film or an electronic
detection device, and accepting the result as the final product
of the measurement process. Unconventional imaging is dis-
tinguished from this definition by three key characteristics:
(1) the need to obtain the highest possible resolution in the
final image, (2) the use of clever measurement techniques,
and (3) the use of post-detection image processing to recon-
struct a high quality image from the measurements.

Unconventional imaging techniques can be categorized
by how the effects of atmospheric turbulence are corrected.
Uncompensated techniques, such as the so-called speckle
imaging methods'® use pure post-detection image process-
ing to correct for turbulence effects. Real-time wavefront
sensing and adaptive optics, referred to here generically as
adaptive optics techniques, attempt to correct for turbulence
effects before an image is measured.” Finally, hybrid tech-
niques combine both pre-detection correction using adaptive
optics and post-detection image processing.*'" All of these
techniques have performance limitations imposed by the
nature of the measurement, plus practical advantages and
disadvantages. In this paper, we describe these threeimaging
techniques and give examples of their performance.

In this paper, we show contour plots of the binary star
referred to in the Bright Star Catalog as HR #7882, observed
with the 1.6 m telescope at the Air Force Maui Optical Station
(AMOS) observatory. The brighter component of this binary
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pair has visual magnitude 3.63; the dimmer component is
approximately one visual magnitude dimmer. The AMOS
observatory is located atop Mt. Haleakela, on the island of
Maui, Hawaii. The observations used here were made on the
night of August 2, 1991. Contour plots are displayed with
eight levels equally spaced between the maximum and mini-
mum values of the images.

The first section of this paper describes the effects of
atmospheric turbulence on imaging systems. The following
section describes speckle imaging techniques; the next two
sections cover adaptive optics methods and hybrid tech-
niques, respectively.

ATMOSPHERIC TURBULENCE

EFFECTS ON IMAGING SYSTEMS

Turbulent motion of the atmosphere causes a random distri-

bution of temperature which, in turn, causes the index of

refraction of the air to vary randomly.! A plane wave entering
— the atmosphere must propagate through this random index

——1Rempensated shoft exposure moge of DSy SO distribution with the result that, by the time the wave reaches

the ground, it is no longer planar. The random surface of the

wave presents a random aberration in the pupil of the tele-

scope that profoundly limits its resolution capability.?

The resolution of a large telescope looking through at-
mospheric turbulence using long exposure times is limited to
the resolution obtained from a smaller telescope of diameter
r, Exposures of a few hundred milliseconds or more force
operation under long exposure conditions. The parameter r,,
called the atmospheric coherence length, is a function of the
strength of the atmospheric turbulence.’? Actual values forr,
are a function of both the site and local weather conditions,
but at visible wavelengths r, commonly varies between 5 cm
and 20 cmm—or more on rare occasions. A large telescope has
the light gathering capability of its full clear aperture, but has
the “conventional” resolution of a much smaller, 7 -sized,
telescope. Large telescopes allow very dim objects to be
imaged, but with much lower resolution than diffraction
effects alone would impose.

A contour plot of the uncompensated long exposure
image of the binary star described above is shown in Figure
1. If diffraction alone were limiting the resolution of this
telescope, the individual components of the binary would be
clearly visible and would each be about 0.5 microradians in
diameter. The effects of turbulence are clear in this image: the
individual components of the binary are lost, and the image
ismuch larger than diffraction effects alone could account for.

A comment on the analysis methods used forunconven-
tional imaging is appropriate. It is natural to describe the
performance of these imaging techniques in the spatial fre-
quency domain, that is, the domain given by the two- dimen-
sional Fourier transform of the image. This is due to the
relationship between the optical transfer function (OTF),
H(p), and the aberrated pupil function, P(x)exp{d(x)], given
by:ll

_ IP(x)P(x—p) expld(x)—dlx—p)idx
H(p)= P (1)

where P(x) is the telescope pupil function, P(x) equals one




inside pupil and zero outside the pupil, ¢(x) is the phase
aberration, and x and p, are two-dimensional position vec-
tors. The shift vector, p, is related to the spatial frequency
vector, v, by v = p/Ad,, where d, is the distance between the
exit pupil and the image plane. The statistics of the turbu-
lence-induced aberration, ¢(x), are well-known, and analytic
techniques exist to compute the statistics of the OTF from the
statistics of ¢(x).2 Standard linear systems analysis tech-
niques can then be applied to the problem of image forma-
tion."!

SPECKLE IMAGING
Speckle imaging techniques are pure post-processing meth-
ods for overcoming the effects of atmospheric turbulence on
imaging systems. Speckle imaging techniques derive their
name from the appearance of uncompensated, very short
exposure images of stars obtained with large telescopes. Such
images are much larger than the diffraction limited spot and
contain high spatial frequency modulation that gives the
imagery a speckled appearance. The term “short exposure”
refers to the use of exposure times that freeze the atmospheric
turbulence-induced aberration during the exposure. An ex-
ample of short exposure image of the binary star described
above is shown in Figure 2.

Labeyrie was the first to recognize that the high fre-
quency modulation in speckled images contains useful infor-
mation,* and proposed a technique for
estimating the power spectrum of an ob-
ject (that is, the squared modulus of the
Fourier transform of the object) called
“speckleinterferometry,” whichis widely
used. Speckle interferometry works be-
cause theaverage power spectrum of short
exposure images measured through tur-
bulence is non-zero at spatial frequencies
approaching the diffraction limited cut-
off frequency of a telescope.?

The Fourier transform of an object is,
in general, complex-valued. Thus, while
Labeyrie’s technique is useful for estimat-
ing the object power spectrum, the Fou-
rier phases of the object, called its phase
spectrum, must still be obtained to form
an image. The approach to phase spec-
trum estimation most often discussed in
current literature is called the
“bispectrum” or “triple correlation” tech-
nique.® Phase spectrum recovery is based
on the fact that the average Fourier trans-
form of a specialized correlation of very
short exposure images, called the
bispectrum, is non-zero atspatial frequen-
cies approaching the diffraction limit of
the telescope.

Unfortunately, the average
bispectrum does not yield the object Fou-
rier phase spectrum directly, but rather a
data object containing linear combinations
of the object Fourier phases. The object
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Fourier phases must be extracted from the bispectrum, a
difficult problem due, in part, to the fact that the bispectrum
phase can only be known modulo 27, and in part to noise
inherent in the measurement process. Recent advances in
phase spectrum reconstruction from the bispectrum may
prove to have alleviated this problem.®

A reconstruction of the binary star obtained by using the
Labeyrie and bispectrum techniques is shown in Figure 3.
This reconstructionis much narrower than the uncompensated
long exposure image. It is also elongated, hinting at the
presence of a binary star, but the individual components
cannot be resolved in this reconstruction.

A maijor factor limiting performance of speckle imaging
techniques is the signal-to-noise ratio of the power spectrum
estimate, SNR(»). The power spectrum signal-to-noise ratio
forasinglerealization of a speckled image, SNR,(v),isbounded
from above by one for medium and high spatial frequencies
for point sources, such as stars. For extended objects SNR (»)
can be quite small. To overcome this limitation, multiple
frames are averaged to boost the power spectrum SNR(»)
according to:

SNR,(v) = N¥SNR (0) @

where N is the number of image measurements in the en-
semble. Ensembles of a few hundred frames to a few thou-
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sand frames can be required to achieve good SNR(») at
moderate spatial frequencies.

ADAPTIVE OPTICS

Adaptive optics systems use real time wavefront sensing and
some type of active optical element to sense and correct for
the turbulence induced phase aberration. Wavefront sensors,
such as Hartmann sensors and shearing interferometers,
sense local gradients in the phase aberration. Local gradient
measurements are mapped to actuator commands through a
reconstruction law and a control law. Active wavefront cor-
rection improves resolution by decreasing the variance of the
phase aberration term in Eq. (1). Reducing this variance
increases the average OTF and reduces the variance of the
OTF, with the result that certain signal-to-noise ratios critical
to imaging are greatly improved.’

An example of a compensated image of the binary star
previously discussed is shown in Figure 4, where the effects
of using adaptive optics are clearly visible. The image peak is
sharper and the main lobe is considerably narrower than in
the uncompensated case shown in Figure 1. The individual
components of the binary star are not yet distinguishable;
however, the image is clearly elongated, indicating the pres-
ence of a binary.

When adaptive optics are used, photons must be di-
verted from image formation to provide energy for the
wavefront sensor elements. This creates the need for an
engineering trade-off: large subapertures are desired to
collect the maximum number of photons to allow viewing of
the dimmest possible objects, but the pupil must be spatially
well sampled by wavefront sensor elements to obtain a good
estimate of the phase aberration. The conventional solution to
this trade-off is to make the wavefront sensor elements ap-
proximately r -sized and to place deformable mirror actua-
tors at the equivalent positions of the corners of the
subapertures, when both the wavefront sensor and the
deformable mirror are projected into the pupil of the tele-
scope. This approach to designing adaptive optics is some-
times referred to as the “fully compensated”” approach.

An alternative solution to the problem of providing
signal for the wavefront sensor measurements has recently
received attention: the use of laser guide stars.'*"? A guide star
is created by projecting a laser beam into the atmosphere and
measuring the returned signal. Two methods of creating a
guide star have been investigated: (1) resonance backscatter-
ing in the mesosphericsodium layer,”? and (2) use of Rayleigh
backscatter from the atmosphere.” One or both of these
approaches may someday provide sufficient signal for the
wavefront sensor to allow other considerations to drive the
design of adaptive optics systems.

The fully compensated approach to designing an adap-
tive optics system can lead to the need for wavefront sensors
and deformable mirrors with several hundred to a few thou-
sand elements for the 3.5-8 m diameter telescopes of the
future. The problems associated with fabricating and control-
ling hardware of this complexity have not yet been solved.

HYBRID TECHNIQUES
The problems associated with developing fully compensated



adaptive optics systems for very large telescopes has moti-
vated the study of hybrid systems that combine limited
amounts of predetection compensation using adaptive optics
with image post processing to reconstruct a high resolution
image. The idea is to trade adaptive optics hardware com-
plexity for image post processing to obtain high resolution
images. The approach to simplifying adaptive optics hard-
ware examined most recently involves so-called “partially
compensated” systems that have a reduced number of
deformable mirror actuators compared to a fully compen-
sated system.’!® Two image post processing approaches have
been explored—a linear reconstruction technique® and speckle
imaging post processing.”

Detailed analysis of the relevant signal-to-noise ratios
has shown that even very limited amounts of predetection
compensation provide large improvements in the perfor-
mance of the estimators used in image reconstruction com-
pared to the uncompensated case. ' For fully compensated
systems, speckle imaging post processing provides no im-
provement in image quality over linear post processing.
However, as the amount of compensation is reduced, speckle
imaging post processing outperforms linear post processing.
The primary advantages of linear post processing are (1) it is
conceptually quite simple while providing improved perfor-
mance, (2) it is simple to implement, and (3) its execution on
a computer can be quite fast.

Results of applying linear and speckle post processing to
the binary star discussed earlier are shown in Figure 5. The
linear reconstruction clearly shows the existence of a binary
star. The speckle reconstruction shows even more clearly the
location of the dimmer component of the binary. We estimate
the angular separation of the binary components to be ap-
proximately one microradian.

SUMMING UP

Unconventional imaging techniques allow high resolution
images to be obtained when looking through atmospheric
turbulence from ground based observatories. We have de-
scribed three unconventional imaging techniques and have
illustrated their performance with binary star data measured
on the compensated 1.6 m telescope at AMOS. Of the three
techniques discussed, speckle post processing of
uncompensated measurements has received by far the most
attention in the literature. As adaptive optics systems for
astronomical telescopes become more widespread, we expect
to see more attention given to post processing of compen-
sated images.
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