
Introduction
The Air Force Research Laboratory’s
(AFRL) aggressive drive to reduce
the size and weight of satellite sys-
tems for advanced space missions is
providing a vital thrust to the devel-
opment of systems-on-a-chip. Adap-
tive optics technologies offer
tremendous potential in reducing
the weight and cost of space-based
optical systems.1-5 In addition to
reductions in weight and cost, the
adaptive optics techniques we pre-
sent in this article offer advantages
in size, speed, and performance. At
the heart of these adaptive optic sys-
tems is a very large-scale integrated (VLSI) hybrid-
wavefront reconstructor chip. By allowing much of the
processing to be carried out in the analog domain, the
processing throughput is increased beyond what purely
digital systems can achieve.6 Moreover, extremely high
accuracy can be achieved in terms of performance. This
approach also naturally supports analog feedback con-
trol for the continuous positioning of individual mir-
rors or actuators in an adaptive optic element for a wide
variety of applications.7-13 The processor architecture, a
hybrid of digital and analog design approaches, has
inherent re-programmability that enables it to be adapt-
ed to a wide variety of optical processing algorithms and
mirror types. This architecture also enables the system
to adapt to changing missions or environmental condi-
tions, such as radiation degradation of the electronics,
failure of mirror elements, or shock damage to the
optics. The wavefront processor can be used with virtu-
ally all wavefront sensors (WFS): shearing, phase-diver-
sity, phase-unwrapping, and correlation-based, as well
as the Hartmann WFS.

Hybrid adaptive optics system
Figure 1 illustrates our hybrid adaptive optics approach.
The wavefront sensor measures the gradient (or some
other mathematical function) of the wavefront. Then
the wavefront itself is computed by the reconstructor.
This wavefront reconstruction process is accomplished
by using integration-like algorithms to calculate a sur-
face. The goal  is to compute a phase vector �(x,y) of N
commands to apply to the deformable mirror of N
phase values over a grid, from the measurement vector S
of M elements (slopes in two directions).

The classic reconstructor was invented at Itek Corpo-
ration over 20 years ago. Ours is a hybrid technique that
significantly improves on the performance of the classic
analog reconstructor while overcoming its negative
aspects. At the basis of our technique is a VLSI recon-
structor chip we designed and produced. It is discussed,
along with the experimental results that characterize its
performance in adaptive optic systems, in the section of
this article dealing with active pixel position sensors.2,4

For a typical Hartmann wavefront sensor, illustrated
in Figure 2, the number of sub-aperture tilts to be
processed will be about two times the number of actua-
tors in the deformable mirror. The time needed to
process any sample tilt measurement (from detector
readout to updating the actuator drive signal) is
assumed to be no greater than 100 microseconds, 50 of
which are attributable to reconstructor delay. Each algo-
rithm has its own accuracy requirement. However, it is
assumed that the output of the wavefront reconstructor,
prior to the time-integrators, is maintained at no less
than eight bits. These requirements are based on an
overall Strehl budget of 5% for reconstructor imperfec-
tions. At this time we simply state that such an analysis
of requirements is both possible and desirable.2,4,5

Hartmann wavefront sensor using active pixels
The well-known Hartmann wavefront sensor is the
most commonly used WFS in adaptive optics. Its opera-
tion is illustrated in Figure 2: to sample the incoming
wavefront, a lenslet array is placed in a conjugate pupil
plane. If the wavefront is plane, each lenslet forms an
image of the source at its focus as illustrated by the
dashed lines in Figure 2. If the wavefront is abberrated,
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Figure 1. Hybrid adaptive optics system.
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each lenslet receives a tilted wavefront in its first
approximation and forms an image out of axis in its
focal plane. Mathematically this can be expressed as:
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Because the measure of image position gives the angle
of arrival of the wave for each lenslet, we obtain a map
of the local wavefront slopes on an array of sub-apertures.

To precisely calibrate the focus positions of the
lenslet array, the Hartmann WFS generally requires use
of a reference plane wave generated from a reference
source in the instrument. An advantage of this sensor is
that it allows for simultaneous determination of the x
and y slopes by the measurement of the image position
(x and y coordinates).

A number of methods can be used to measure the
positions of the Hartmann images formed by the
lenslet array. The simplest technique is to use a quad-
cell detector for each sub-aperture. The main drawback
of this technique is a limited dynamic range and a spot-
size dependent response. One solution to this problem
is the use of a charge-coupled device (CCD) as a detec-
tor to record all the images. The advantages of using a
CCD are perfectly determined pixel positions and a
100% fill factor. A CCD may even be used as an array of
quad-cells. But in principle it allows calculation of the
spot’s center of gravity at the price of a larger number
of pixels per sub-aperture. A number of position-esti-
mators have been studied in the literature on star-track-
ing systems.2,4,5 When designing a wavefront sensor,
one must determine the optimal pixel-to-image-size
full width at half-maximum (FWHM) ratio of between
three and five, depending on the signal-to-noise ratio. A
simple estimation of the center of gravity position
(cx, cy) is:
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where Iij and (xi,j,yi,j)are the signal and the position
coordinates of (i,j) pixel. The sum is made on all pixels
devoted to a lenslet field. It is possible to show that
using a continuous integral in place of a discrete sum
and neglecting the scintillation, equation (2) deter-
mines the average wavefront slope over the sub-aper-
ture or area �, i.e, the angle of arrival �x:
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where f is the lenslet focal length and M the magnifica-
tion between the lenslet plane and the telescope pupil
plane. The same equation can be written for the y-axis.
This intepretation is very useful for designing wavefront

sensors because the angle-of-arrival variance is impor-
tant in the case of turbulence.

Another important consequence of equations 2 and 3
is that the Hartmann sensor is achromatic, one of its
most important features. A second important feature is
that it works well with incoherent sources. Drawbacks
of the sensor could include misalignment and a lack of
precision in calibration. There is no modulation in this
sensor and so it can be drift sensitive. This drawback is
usually overcome by use of a reference calibration
source. Another positive factor is the compact size of
the sensor: the lenslet array can be made so small as to
match exactly the size of the CCD. The optical elements
at the front of the CCD can be as compact as an ordi-
nary camera objective. For sky-background reduction, a
field stop at the telescope focus which matches the CCD
non-overlapping area devoted to each lenslet is often
used.2,4

Figure 3. Active pixels: layout of (a) active pixel sensor and (b)
active pixel position sensor.

Figure 2. Diagram illustrating the operation of a Hartmann
wavefront sensor.
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digital-to-analog conversions. Because the VLSI circuit
emulates the retina in many ways and because the
micro-mirrors act like a deformable lens, we often refer
to silicon-based adaptive optics systems as our “silicon eye.”

Active pixel position sensors
Active pixel technologies offer tremendous advantages
in silicon-based systems because they can be imple-
mented with a massively parallel architecture. Active
pixel sensors (APS) are in fact imagers in which each
pixel incorporates some minimum circuitry to improve
the image acquisition characteristics. The use of
CMOS*-based APS as an alternative to CCD cameras
has been studied since the 1980s by the Japanese elec-
tronics industry. More recently the new market for mul-
timedia cameras has served to direct more attention to
the study of this alternative. Because of their low power
consumption, high dynamic range and inherent radia-
tion tolerance, active pixel sensors are suitable for many
satellite applications—especially micro-satellite systems.
Unlike vision chips, in which some high-level image
processing is performed at the pixel level, the goal of
APS is only to achieve improved image quality using
standard processes. In addition to recent multimedia
applications for video and still imaging, APS have exten-
sive applications in astronomy and space exploration.
They offer advantages including low noise, large dynam-
ic range, high speed, and random access to pixels. Most
of the circuits used in APS can be used in vision chips,
because the circuits used in APS are smaller and less
complex than those used for smart vision sensors. Also,
the higher dynamic range, lower noise, and higher speed
associated with the additional circuits in APS are equally
essential for vision chips. Some of the techniques used
for enhancing the performance of APS can also be
applied to vision chips.

For our silicon eye, we fabricated an active pixel sen-
sor array (see layout in Figure 3a): the active pixel is
based on the charge-integration method. The read-out
circuit used in APS is often a source-follower-based cir-
cuit. We have fabricated several other active pixel sen-
sors, including the pixel pair shown in Figure 3b, in
which the pixel geometry is sensitive to the movement
of the spots formed by the wavefront sensor.

The ability to interface a detector with each node of
the reconstructor chip allows for the entire system to be
implemented at higher bandwidths than conventional
adaptive optics architectures. In addition to speed, our
hybrid approach offers advantages in size, cost, power
consumption, and radiation tolerance, making it ideal
for many commercial and military applications.

Wavefront reconstruction using a smart vision chip
The floor plan of the wavefront reconstructor chip,
shown in Figure 4, resembles that of a static random-
access memory (RAM). The wavefront reconstructor’s
major subsystems are the row decoder, the column
decoder, the output buffer, the boundary cells, and the
14 x 14 array of interior cells.

The main drawback of the Hartmann WFS is the
required computing load for centroiding (computing
the spot locations) and reconstruction when using a
large number of pixels per sub-aperture. For this reason
we use active pixels to compute the centroids of each
lenslet spot. As discussed in the next section, the active
pixel approach offers the advantage of computing all the
centroids in parallel. Moreover, since the centroids are
computed using analog circuitry, the analog circuitry
interfaces quite naturally with our smart vision chip,
which is also analog. The analog solution to the recon-
structor chip also fits well with the MEMs micro-mir-
rors, thus avoiding cumbersome analog-to-digital and
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Figure 5. (a) Diagram of interior resistive cell. (b) Layout of a single cell. *Complementary Metal Oxide Semiconductor
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Figure 4. Wavefront reconstructor chip floor plan.



Figure 5 shows a diagram of the wavefront recon-
structor cell. A sample-and-hold circuit stores the input
voltage on an input capacitor. An operational transcon-
ductance amplifier converts the input voltage into a bi-
directional current. That current is injected into the cell
node and its effect is spread to its four nearest neighbors
through CMOS resistors operating in the ohmic region.
The output voltage is sampled using a source follower.
The cell can be reset to ground via a reset line to com-
pensate for the DC-offset voltage in the source follower.
Another key feature of the interior cell is the fact that it
allows for testing the array through injection of a static
current through a current mirror.

To test and characterize our wavefront reconstructor
chip, we set up a simple two-lens imaging system. We
then induced a defocus aberration by moving one of the
lenses. The bottom curve of Figure 6 shows the amount
of defocus that was induced as a function of lens dis-
placement, dz. The Hartmann wavefront sensor then
measured the spot centroid movements and computed
the appropriate current to be injected into each node of
the wavefront reconstructor chip. Figure 6 shows how
the wavefront reconstructor chip accurately produces a
characteristic shape for each defocus. The inherent
smoothing of the reconstructor chip enables it to accu-
rately compute the amount of defocus. In fact, in this
example the reconstructor chip computed the defocus
with the same level of accuracy as our 8-bit digital wave-
front reconstructor. We are now evaluating the vision
chip for other aberrations to optimize its operation in a
closed-loop adaptive optics system.

Wavefront correction using MEMs micro-mirrors
The Air Force Research Laboratory is now fabricating a
test die containing an 8 x 8-piston mirror array
in the four-layer planarized SUMMiT (Sandia’s
Ultra-planar Multi-level MEMs Technology)
process at Sandia National Laboratories. Test-
ing of this and follow-on arrays will yield a
result with optical and electrical characteristics
which far exceed those of any piston micro-
mirror now in use in any laboratory.

Figure 7a, which captures all of the advan-
tages of the SUMMiT process for MEMs,
shows the details of an individual mirror
design.13 SUMMiT has a combination of fea-
tures not found in other MEMs fabrication
processes, including a chemically and mechan-
ically polished upper surface, one-micron
design rules, and four
releasable layers. One of
these layers is only one
micron thick, allowing
extremely low drive voltages.
Current four-flexure mirrors

can be designed for actuation at less than 10V, making it
possible to drive them with standard CMOS circuitry.
The multiple releasable layers allow all of the wiring and
flexures to be completely hidden under the polished
optical surface, resulting in near-optimum active-mirror
area coverage. This is an important consideration not
only for optical efficiency, but also in applications where
stray-light leakage into the mechanism limits power
handling capability.7,8,12,13

The multiple layers also allow us to shield the wiring
so the optical surface can be metalized after the release
etch. The optical surface of choice can therefore be
deposited without concern of it surviving the release
etch. Another advantage of post-release metalization is
that the entire active area is covered, unlike the case with
drawn metal, which requires a margin between the edge
of the metal and the edge of the polysilicon upper plate.
These factors, along with the hidden-flexure/post-met-
alization design techniques, give the 8 x 8 test array of
100-micron square mirrors an active area coverage of
97.7%. This high active area coverage offers unprece-
dented diffraction-limited imaging with minimal light
loss. Figure 7b shows an array of 50-micron square mir-
rors. Note that only mirror surfaces are visible, and that
the only “lost” area is the result of the one-micron gaps
between the mirrors, the etch holes, and the anchor
posts. This array has an active area coverage of 95.3%,
without any topological effects from the underlying layers.

In Figure 7a, the layers left to right are: Poly0 layer,
used for wiring throughout the array; Poly1,* used for
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Figure 7. (a) Details of a typical
flexure beam piston micro-mirror
which takes full advantage of the
Sandia National Laboratories
SUMMiT capabilities. 
(b) Micro-mirror array.

Radius

Figure 6. Performance of the wavefront reconstructor for defocus.

dz (microns)

* Poly1 is also used for metalization gutters (square frames
surrounding the spiral flexures) to prevent post-release
metalization from shorting the wiring.



the flexures because it is the thinnest layer. Poly2, used
for the lower electrode of the electrostatic actuator;
Poly3, which forms the upper electrode and is also the
planarized surface. Note the total lack of topological
effects at the Poly3 level.

Previous papers have fully developed a model for
deflection versus voltage. We use this model in design-
ing mirrors.7,8,12,13 As discussed in these papers, once it
has been calibrated to the fabrication process, the model
yields an excellent match between predicted and actual
results. The calibration consists of slight adjustments to
the Young’s modulus value to move the predicted curve
up or down so as to align with the measured curve; the
shapes of the curves will already match. Testing of the
arrays was performed by simple interferometric means.

Wavefront correction of extended objects
In addition to the Hartmann wavefront sensor, our
smart vision chip can be reconfigured for use in several
other wavefront sensors, including the phase-diversity
technique illustrated in Figure 8. Our silicon eye, which
is based on a phase-diversity wavefront sensor, can
determine the aberration from two out of focus images
such as those shown in Figure 9(a) and (b). A spatial
light modulator can then be used to compensate for the
aberrations and produce a corrected image such as the
one shown in Figure 9 (c). The particular spatial light
modulator used to correct the image in the figure was a
liquid crystal device, manufactured by Medowlark
Optics, which had 128 pixels in a hex pattern. We antici-
pate that our micro-mirrors will be able to yield compa-
rable results while offering advantages in speed, cost,
and power consumption.
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Figure 9. Experimental results from a phase diversity adaptive
optic system.

Figure 8. Silicon eye adaptive optic system.
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