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Abstract. The advent of Extremely Large Telescopes impose the existence of wavefront correctors to achieve
diffraction limited images. The light collection area is more evidently affected by atmospheric turbulences and
image distortion is more relevant than in smaller telescopes. AO system where mostly used to improve the performances while now turn to be a real need. Though the existence of a wavefront reconstructor is mandatory for
the next generation of telescopes, the requirements imposed for such large apertures are to be examined and the
new challenges must be faced.

1 Introduction
Changes in the diffraction index of the media, due to variations in parameters affecting the atmosphere,
produce wave front distortions. These aberrations affect the spatial resolution of the objects and disperse the photons in a bigger area on the detector making it less effective in the detection of faint
object. Today, and next generation telescope developments, claim for the detection of faint objects
while obtaining the best spatial resolution possible. If with a 10 m telescope, located in an observatory
with optimum observing conditions, a 0.4 arcsec structure can be resolved, when this resolution is
improved down to 0.04 arcsec, the resulting system performance is similar to what could be obtained
in a 100 m telescope under the same atmospheric conditions with no wavefront correction. This gives
an idea of the limitations introduced by the atmosphere and the importance of AO systems in the next
generation of telescopes where diameters from 30 to 100 meters are the goal. Today most observatories
provide AO facilities to allow a better spatial resolution as an additional feature. For next generation
of telescopes the huge diameters make it mandatory.

2 AO SYSTEM
2.1 Functional Description

The objective of an AO system that we consider here is the correction of the wavefront that reaches the
telescope with aberrations due to distortions introduced by the atmosphere along the light path. The
AO system requires three functions: To detect the wavefront, determine what waveform should have
reached the telescope in absence of a distorting media such as the atmosphere, and generate all the
required steps to produce a correction to compensate for the aberrations. This divides the AO system
in three main subsystems:
– The waveform sensor: Detects the light entering the telescope
– The waveform detection: Using the information obtained from the waveform sensor determines
the local variations of the waveform
– The waveform recovery algorithm: Using the information provided by the local variations of the
incoming waveform recovers the information of the waveform that should have reached the telescope in absence of distortion.
a
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required steps to produce a correction to compensate for the aberrations. This divides the AO system
in three main subsystems:

– The waveform sensor: Detects the light entering the telescope

2.2 Hardware
– The waveform detection: Using the information obtained from the waveform sensor determines
the local variations of the waveform
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form. Every subaperture is projected into a section of the detector where the displacement has to be
computed. The number of pixels corresponding to a subaperture determines the accuracy in resolving
the displacement of the subaperture projection dx-dy.
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After the detection of photons using the Shack-Hartmann sensor, the gradient of the waveform
for each subaperture needs to be computed. Two matrixes DX and DY, with the dx and dy values
corresponding to the deviations of the centroid from the nominal position for every subaperture, are
obtained. Different methods have been used:
– Centroiding or Gravity method: this method uses the well known gravity or weight method where
every pixel contributes with a factor corresponding to the total signal received multiplied by a
factor representing the distance in x or y to the nominal position in the non distorted waveform.
– Image Correlation: image correlation techniques are applied to each subaperture to compare consecutive images and to determine the DX and DY matrixes.
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computed. The number of pixels corresponding to a subaperture determines the accuracy in resolving
the displacement of the subaperture projection dx-dy.
3.2 Estimation of the number of subapertures
For Extremely Large Telescopes (ELTs), with collecting apertures from 30 to 100 meters, the size
of the focal plane is bigger than for present telescopes. Even if the spatial sampling resolution is to
be maintained, the total number of subapertures will increase with a power of two factor. It is thus
advisable to assume that the number of apertures required to obtain a reasonable spatial sampling is in
the order of 32 * 32, which means that a 32 * 32 or larger microlenses array will be used.
3.3 Resolution. Number of pixels per subaperture
Also, to allow a better resolution in the gradient of the waveform in a certain subaperture, as a result
of the atmospheric distortion and indicated by the displacement of the projection of every projection on
the detector, the number of pixels per subaperture should be increased. To be on a safe side a number
of 32 * 32 pixels per subaperture is considered.
3.4 DX-DY matrix calculation

After the detection of photons using the Shack-Hartmann sensor, the gradient of the waveform
for each subaperture needs to be computed. Two matrixes DX and DY, with the dx and dy values
Fig. 3. Projection of subapertures onto the detector for a Shack-Hartmann sensor.
corresponding to the deviations of the centroid from the nominal position for every subaperture, are
obtained. Different methods have been used:
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the displacement of the subaperture projection dx-dy.
3.2 Estimation of the number of subapertures
For Extremely Large Telescopes (ELTs), with collecting apertures from 30 to 100 meters, the size
of the focal plane is bigger than for present telescopes. Even if the spatial sampling resolution is to
be maintained, the total number of subapertures will increase with a power of two factor. It is thus
advisable to assume that the number of apertures required to obtain a reasonable spatial sampling is in
the order of 32 * 32, which means that a 32 * 32 or larger microlenses array will be used.
3.3 Resolution. Number of pixels per subaperture
Also, to allow a better resolution in the gradient of the waveform in a certain subaperture, as a result
of the atmospheric distortion and indicated by the displacement of the projection of every projection on
the detector, the number of pixels per subaperture should be increased. To be on a safe side a number
of 32 * 32 pixels per subaperture is considered.
3.4 DX-DY matrix calculation
After the detection of photons using the Shack-Hartmann sensor, the gradient of the waveform
for each subaperture needs to be computed. Two matrixes DX and DY, with the dx and dy values
corresponding to the deviations of the centroid from the nominal position for every subaperture, are
obtained. Different methods have
(M−1)
(M−1)
(M−1)
(M−1)
(M)been used:

– Waveform Recovery: Once the information of the local variations, gradients, of the waveform for
every subaperture is known, then the next step is to obtain the value of the waveform starting from
the information contained in the DX and DY matrixes. This method is the objective of this work
and will be detailed.
– Transformations and Deformable Mirror actuation: once the waveform received is known, then the
correction that needs to be applied to obtain a non distorted waveform has to be calculated and the
physical signals to be applied to the correcting element, normally a deformable mirror, generated.
This is the last process in the sequence that has to be repeated with a time response fast enough to
produce the correction before the distortion of the incoming waveform changes significantly.

3 THE HUDGIN METHOD

Hudgin provides an iterative mathematical method that allows the reconstruction of a bidimensional
function from the information contained in the local variations in both directions. The algorithm is
represented by the formula:
φ

!
=1/4 φ1

+ φ2

+ φ3

+ φ4

"
+ ∆φ1 + ∆φ2 + ∆φ3 + ∆φ4 ,

(1)

where M represents the algorithm iteration index, the phase values of neighboring subapertures are
represented by φ1 , φ2 , φ3 , φ4 and the gradients are represented by ∆φ1 , ∆φ2 , ∆φ3 , ∆φ4 . The Hudgin
method, as is based on local variations of the function, does not allow the recovery of the continuum
value of the function. This is not necessary for our purpose as our need is to correct for the distortions.
Some numerical simulations have been performed to understand the capabilities of this method
and the feasibility to implement it in FPGAs where the floating point arithmetic is not efficient.
The accuracy of the final result depends on the number of iterations performed. This directly affects
the time required to obtain a result that matches, with reasonable error, to the actual waveform reaching
the sensor. The actual number of iteration cycles may depend on the characteristics of the waveform
function. It has been found that, with little difference, for Gaussian and Kolmogorov like waveforms
iterations in the order of 500 give results with error results below 10−3 being the error in the order of
10−2 for about 200 iterations. More than 500 iterations will not produce significant error reduction and
thus this figure can be considered as the required number of iterations for a complete recovery of the
incoming waveform.
The actual application will deal with atmospheric like distorted waveforms. To validate the method
it is required to know the initial waveform to compare it with the result obtained after running the
method. Then it is necessary to synthesize atmospheric like waveforms. Assuming that Kolmogorov
statistics represents a valid model we used waveforms using this statistics. The result was that the
method works well for this type of waveforms.
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4 Algorithm implementation in FPGAs: feasibility

Once the validity of the algorithm to recover waveforms as those likely to be produced by the atmosphere has been proved, the next step is to provide a physical implementation of the algorithm into a
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M represents the algorithm iteration index
The phase values of neighboring subapertures are represented by φ1 , φ2 , φ3 , φ4
And the gradients are represented by ∆φ1 ,∆φ 2 ,∆φ 3 ,∆φ 4
The Hudgin method, as is based on local variations of the function, does5not
allow the recovery
of
Algorithm
implementation
in FPGAs.
the continuum value of the function. This is not necessary for our purpose as our need is to correct for
the distortions.
5.1 Fix ponint vs floating point arithmetic.
4.2 Numerical simulations

– Number of subapertures:We assume that the maximum number of subapertures is 256∗256. This
parameter determines the maximum spatial information of the waveform. TheFeasibility.
spatial resolution.
– Number of pixels per subaperture: We assume that the maximum number of pixels corresponding
to the area of the detector associated to eachOnce
subaperture
determines
maximum
the validity is
of 256∗256.
the algorithmThis
to recover
waveforms the
as those
likely to be produced by the
atmosphere
has been proved, the next step is to provide a physical implementation of the algorithm
resolution in the calculations of the dx and
dy values.
into a HW able to perform the required calculations in the time frame imposed by the application.

As mentioned before, the total time available to correct from waveform distortion, from the image
The results obtained using Fixed and Floating
point arithmetic have been compared and the error
found is in the order of 10−3 . This is in the order of magnitude of the error in the waveform recovered
for floating point arithmetic and thus it can be concluded that the use of fixed point arithmetic will not
pose any significant error. The HW implementation on FPGA of the circuits to perform the Hudgin
algorithm is therefore feasible.
The circuit architecture has been design to facilitate parallelism. To calculate the new phase matrix
there will be as many circuits as files of subapertures operating in parallel. All the phases of a particular
column of subapertures is calculated in parallel.
The process flow is controlled using a state machine that performs the same operations in every
iteration cycle. The steps followed for every calculation consist of:

– Read the dx, dy and phase values: Required for the calculations of a particular subaperture. As the
state machine is based on a column index step, a line phase calculator requires 1 phase value, 2 dx
and 2 dy values. This means that the values of 3 consecutive columns are required to obtain the
phase corresponding to the aperture under consideration. The result of the first column of phases
is calculated after the data from the 2 first columns, plus the assumed values for column -1, are
available.
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5 Accuracy results and time performance

previous circuit that, using the centroiding, correlation or any other method will calculate them. As this
is out of the scope of our circuit, these initial values are considered as available and stored in memory
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results
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algorithm. The result, obtained implementing the circuit in this particular FPGA but with no optimization to accommodate the circuits to the particular FPGA resources, for:
– With a 100 MHz master clock
– A full run with 10 iterations
– For 32∗32 sub-apertures and 16 bit resolution

The total time required is 45µsec which means roughly 4:5µsec per iteration. If the error of the waveform recovered by the algorithm is acceptable after 200 iterations, then 0,9 ms are required to obtain
the initial waveform. This implementation makes it an ideal choice for AO systems such as those
required by ELTs, where the number of phase sub-apertures 128∗128 or even 256∗256 is considered.
– The time performance of this circuit is not a limitation factor in the AO system
– A proper reception sequence of the local variations of the wavefront allows processing in parallel
while still receiving the remaining information.
– To allow a convenient sequence of local variation information the corresponding circuit and Phase
sensor architecture need to be considered from the design phase.
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6 Conclusions
The fastest implementation known for this algorithm is based on GNUs and the performance of this
implementation on FPGAs is about 2 orders of magnitude faster.
The optimization effort to improve time performance and resource consumption has been limited
and there is still margin to improve the results but with the present results it can be concluded that
using the proper HW architecture of the AO system components a noticeable improvement in time

performance could be obtained. Some of these key factors are mentioned.
It is advisable to run the algorithms in parallel and apply the corrections to different sections of the
waveform as soon as they are available. TheFig.
waveform
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takeresults.
place along time and the fastest
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Route simulation
the correction the better the result.
7 Time
performance
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10. The result, obtained implementing the circuit in this particular FPGA but with no optimization to
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– The time performance of this circuit is not a limitation factor in the AO system
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circuitsequence
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limitation
factor
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the AOallows
system.
– Aof
proper
local variations
of the
processing in parallel
while still receiving the remaining information.
– To allow a convenient sequence of local variation information the corresponding circuit and Phase
sensor architecture need to be considered from the design phase.
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