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ABSTRACT   

In ELTs the larger size of the aperture will translates into different categories of problems and different kind of solutions. 
The concept of Global Multi Conjugated Adaptive Optics is here introduced. In this, the wavefront sensing is extended to 
a much larger Field of View, practically limited by the telescope optics or optomechanics and by the limit given by the 
coverage of the metapupil at the highest altitude of interest. The correction of these layers is employed in a numerical 
fashion and the information is retrieved in order to compensate for a much limited Field of View. All this, being done in 
a layer oriented fashion, does allow for a simplified treatment of the Signal to Noise Ratio and to an estimate of the 
performances in the plot h vs. spatial scales where layers and the related Kolmogorov distributed turbulence are plotted. 
Once this information is retrieved it is fed back into the existing Deformable Mirror with a back-projection that allow for 
the most efficient way in terms of coverage of the spatial frequencies. The nature of the closed- vs open-loop of such an 
approach is also briefly discussed. The aim of a sky coverage and of performances getting closer or exceeding the ones 
provided by Laser Guide Stars can be at hands. 
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1. INTRODUCTION  
Adaptive Optics (AO)  in its simplest form can be applied to telescopes of almost any size in diameter with little 
conceptual differences within an ample range that, by analogy with the Kolmogorv spectrum terminology, we could call 
the “inertial range”. This is lower bounded by the Fried parameter and upper bounded by the outer scale. Development, 
and the rush for as large as possible apertures, could maybe makes the effects of the outer scale of some interest. In fact 
the chances that the tip-tilt to be corrected become smaller and smaller [1] could lead to the adoption of solely Laser 
Guide Stars [2] avoiding tout-court the well known problem of tip-tilt indetermination problem [3] of the artificial 
references. However, larger diameters means larger achievable resolutions and the requirement, or in other terms the 
quality required to the tip-tilt correction becomes linearly tighter with the larger diameters, such that is doubtful this can 
be of any practical interest. Furthermore the outer scale, being an atmospheric parameter, is –like a metheorological 
condition- linked more to the realm of statistics rather than the one to certainties and, as a consequences, it is unlikely to 
have a significant impact in the conceptual development of simple AO systems. On the other hands AO systems 
employing more than a reference or more than a Deformable Mirror (DM) [4,5] span a much larger realm of parameters. 
It would be a mistake to think that simple scaling from one diameter to another is just a matter of technology and 
complexity. New geometrical conditions, often hidden in some subtle ways, exhibits different behaviours and the best 
conceptual approach for a 4m class telescope ca no longer holds for an 8m one. The next leap everyone is expecting 
should, by almost any gauge, exceed the factor two we have been used in the last century where steps no more than 
doubling the diameter of previously existed (and well exploited) telescopes was a characterizing term. 

Even with the synthetic non-diluted aperture of LBT (almost an exception as all the others combination of world-size 
class telescopes follow a diluted pattern) the current expected next generation of Extremely Large Telescopes, although 
not exceeding the equivalent aperture by more than the usual factor two (sounds like history do not want to refuse 
themselves) it exceed by more than an order of magnitude the pupil overlap at the highest altitude layers where the 
turbulence is significantly affecting the image quality. At the same time the LGS elongation or on the other hand the 
cone effect, leave the realms of mildly affecting the image quality or being of the same order of magnitude of the seeing 
and would turn out to be a dominating factor in performances achievement. This translates into the statement that the 
scaling of NGS based systems from 8 to 40m class telescope can gives some advantages if the technique employed is 
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able to take care of that, and that –in contrat- scaling of LGSs will makes troubles that are just of the right order of 
magnitude to be neglected or treated as small perturbations, to dominate choices and designs 

2. BETTER USE OF LIGHT 
The pyramid wavefront sensors has been conceived initially [6] as a practical means of arranging the light of a derivative 
measuring wavefront sensor, like the Shack-Hartmann one, in a more compact and suitable form and to translates the 
choice of the focal length of the single lenslet arrays into a mechanical parameter (in its original form the oscillation 
amplitude of the pin of the pyramid). Later it has been recognized [7] that, due to its focal plane nature and of the fact 
that the light is not decomposed into subaperture other than at the moment of the detection of light and not in the time of 
sensing the derivative of the sensor, it is –if working in closed loop- much more sensitive than its conventional 
counterpart. This has been experimentally demonstrated, although with a certain degree of uncertainty, on the sky [8], 
then noise coefficient measurements has been measure giving striking confirmation of the prediction [9] but it has been 
only recently with the outstanding observations carried out at the 8m telescope LBT [10] that this has been widely 
recognized. 
 

 
Figure 1: Each probe of the Global MCAO has onboard a full closed loop AO system, so that the pyramid works 
in closed loop fashion taking full advantage of its capabilities. 
 
In the current envisaged approach the Wavefront Sensor employed is a Pyramidic one in a so-called local-closed-loop. 
Each arm, [11] in fact, is observing a single Natural Guide Star and the light is fed through a local Deformable Mirror 
(DM). This allows for the pyramid to work in closed loop fashion and to take advantage of the predicted gain. This, with 
respect to the conventional SH one, is predicted to be in the range of 2..3 magnitudes depending upon the quality of the 
achieved correction. A shift of a single magnitude for a 4m class telescope and of 2 magnitudes for an 8m class telescope 
has been already figured out from existing system on the sky and was also experienced in laboratory [12], under well 
defined conditions, in the framework of the MAD development. As it is in the nature of a wavefront sensor to just 
provide information on the sensed shape of the incoming starlight this is accomplished in this configuration or by getting 
feedback from the DM itself if this is capable of providing such an information (and if static aberrations along the local 
optical system can be conveniently calibrated out) or by measuring it injecting an high as much reference light in the 
system and sensing it with an extremely well calibrated or very linear wavefront sensor. In the current concept the YAW 
concept by Gendron [13] is employed. It is to be  pointed out that this is not the only possible solution. In fact initially 
one concept envisaged the adoption of a non-linear WFS whose non-linearity were continuously measured and taken into 
account in the computation by injecting a known amount of perturbation. This approach exhibits a number of limits, 
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including the need to sample the wavefront at a frequency larger than the one allowed by the current approach and it is 
just mention here. 
 

3. LAYER ORIENTED CORRECTION ON THE LARGEST FOV 
 
The Layer Oriented approach has been figured out to allow for solving –optically- or numerically in the most simplest 
way, the problem of tomography [14]. The latter has been demonstrated on the sky [15] in open loop first, and then made 
operational in the sky after a few years [12] leading to about one scientific refereed paper per night remarkable record. It 
is also noticeable that most of these works are focusing on extragalactic sources, a realm where the scarcity of bright 
references usually advocates for the use of artificial Laser Guide Stars as references. 

Layer Oriented [16] requires, in order to be efficient in terms of usage of NGSs of a significant overlap [17] of the beams 
coming from different sources. This is always accomplished for the lowest or for the ground layer (leading to the concept 
of the Multiple Field of View MCAO [18] that is, however, a variation of the conventional MCAO in Layer Oriented 
fashion, just tuning each layer to a specific Field of View)  while degrades for higher and higher layers. In ELTs a larger 
Field of View still allow for enough pupils sovrapposition to reinforce the SNR of the information retrieved at a certain 
layer. 

Still, under such assumptions, the enlargement of the Field of View reduce  the depth of focus of the ability to retrieve in 
a linearized fashion the information from a certain altitude. This translates into a lower degree of correction and requires, 
to achieve similar performances, the insertion of a further amount of corrective devices. As today these are –basically- 
available only in a reflective manner this requires usually at least a couple of optics (a collimator and a camera) and even 
with sophisticated designs the number of reflections and/or of required folding can easily exceeds several reflections per 
each DM. This means that the solution become rapidly inpractical. Using the original Beckers rule of thumb suggestion 
one can easily say that the number of DMs other than the ground layer roughly scales with the Field of View. This means 
that the performances reached by a 2DMs MCAO system looking a 2 arcmin FoV (like MAD) if one extends the Field of 
View to 10 arcmin will requires 6DMs as the increase in the covered linear angle is a factor five that just apply to the 
single extra-DM (with respect to the ground layer one).  

 

 
Figure 2 On the left side a 2DMs MCAO system will remove -in the ideal and best case- the turbulence below the 
two white shadows, each for a DM located on the ground and at an about 8km height. On the right side the same 
correction is achieved with more DMs but a much larger Field of View. This translates into a faster degradation 
of the achievable correction as soon as you consider turbulence located away from the one where the DM or the 
sensor is conjugated. 
 
As for an ELT class telescope the pupil overlap for a 10arcmin FoV remains significant even at 10km along the line of 
sight we can conclude that although difficult, probably of an ugly design, and surely a low efficiency and high emissivity 
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one, a 6DMs MCAO system on an ELT could cover a 25 times more searchable area than MAD with, approximately, the 
same achievable performances. The only different parameters being sky coverage that is now extended by almost two 
orders of magnitude! 

In the spatial scale vs. height diagram this is illustrated in Fig.2 where one can see that a thinnest correction is 
compensated by a more numerous amounts of corrected altitudes. It is to be recognized that as turbulence scales with the 
Kolmogorov spectrum the visible concept of covered surface is misleading (and in fact it is more beneficial for the larger 
Field of View) as turbulence has more “weight” toward the lower spatial scales. Furthermore it is to be recalled that on 
the rightmost side of the graph a limit will be imposed by the technical nature of the Deformable Mirror (maximum 
spatial scale sampling) depending upon the density of the actuators employed. 

 

4. THE GLOBAL MCAO CONCEPT 
 The adoption of a very high sensitivity and extremely linear wavefront sensor allow to perform the layer-oriented (or, 
more generally speaking, the tomography required to achieve a certain performance with a well defined Field of View 
and number of DMs) in a purely numerical fashion and in fact does not require to close any loop. This means that within 
such assumptions one can then reproject the values one would gives to each of the –say- 6 DMs to just two ones. Clearly 
the DMs located at exactly the same gheight will simply get the same information. The other ones will have to be 
smoothed out by a footprint given by the intended corrected Field of View angle times the separation between the actual 
DM and the purely numerical one (that can also be called virtual DM as it is making correction inside a computer and is 
used just to pile up the information to feed in a closed loop numerical fashion the information given to each wavefront 
sensor).   

 
Figure 3 A GMCAO system with two DMs conjugated at 0 and 2km will get backprojection information with the 
proper smoothing. The final effect will depends upon the choices for the intermediate virtual layers. In this 
illustrative case two different corrections are achieved with virtual DMs at 1.2, 2 and 2.5 kms (left) and 1, 2 and 3 
kms (right). 
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It is to be pointed out that this requires the knowledge of where the wavefront sensors are looking, however the degree of 
uncertainty is not incredibly large as it has to match with the spatial sampling and, generally speaking, is upper bounded 
by the isoplanatic patch (this is reasonable as in such an angle the measurement of the wavefront will not change 
significantly). In this way not all the turbulence spectrum is fully recovered, depending upon how many virtual DMs are 
employed and their location. 

Apparently one could consider that an uncountable number of DMs can be employed (or, in other words, that there is no 
any limit other than the practical one, and given the virtual nature of these, such a practical limit is surely a huge number) 
however the issue of SNR have to be carefully taken into account. Noises will likely not to be uncorrelated as they 
descends from the same wavefront sensor (although they could be uncorrelated as, depending upon the way the asterism 
is made, some point in the pupil will get informations from the same wavefront sensor but form extremely distant point 
over the local pupil) so a special care should be addressed about. Fig. 3 gives an illustrative example. Detailed 
calculation of the sky coverage is beyond the limit of this paper and, moreover, requires to address a number of variables 
that have to be properly figured out in order to states a precise figure. Comparatively it will exhibits 25times more sky 
coverage than MAD. A back of the envelope calculation, including the augmented sensitivity with respect to MAD using 
the pyramids in closed loop, shows that away from the Galactic Poles the sky coverage can easily reach the almost full 
sky while will gives significant coverage, of the order of 50% on the Galactic poles. 

 

 
Figure 4: Different Field of View on different telescope apertures. a) an 8m class telescope employing a 2arcmin 
Field of View in a MAD-like MCAO approach; b) the same Field of View for an ELT will gives a much better and 
uniform sampling of the high altitude layers; c) in an ELT the same coverage as in MAD can be achieved with a 
larger Field of View, linearly scaling with the ratio of the telescope diameters; d) back onto the 8m class telescope 
the same situation holds for the turbulence in the first few kms from the ground leading to the concept of LLAO. 

 

.How this can be tested on an 8m class telescope before getting hands on a true ELTs…? In order to answer to this 
question one can consider to give a look to Fig.4 where it is pointed out that the same geometry applies for an 8m class 
telescope looking a 10arcmin Field of View (a figure attainable practically in most existing 8m class telescopes) but 
considering just the first few kms of turbulence. In this way one can conceive a system in which the full 10 arcmin FoV 
is used for sensing (leading to the same sky coverage expected for the ELT with GMCAO) but aiming to correct just the 
Low Layers turbulence. This Low Layers Adaptive Optics (or LLAO) will see the highest altitude layers as a sort of 
added noise (and reducing the sky coverage these can still be employed to sense with a further third DM to achieve much 
better performances on a limited number of patches in the sky toward the NGP and SGP) so care is to be given in the 
parallel between these two approaches. LLAO must be seen as a sort of reduced MCAO or a super-GLAO with the 
benefit of demonstrating on the sky the path to achieve GMCAO on ELT with solely NGSs. 

5. CONCLUSIONS 
A very last point unadressed till now is if, and to which extent, the approach described here is to be considered an “open-
loop” one. Technically the concept per-se is a purely open loop one if one considers that the correction is achieved after 
the sensing. In the case of the E-ELT this would be –however- only partially true. At least the common part of correction 
with the adaptive M4 will interest the wavefront sensor. Still, technically they are working in open loop but the dynamic 
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range where the linearity is required could be grossly reduced. Furthermore, once the wavefront sensor linearity is 
accomplished, what we named “referencing” in previous papers is actually a diverse form of loop-closure. Referencing 
with optical fibers and high linear wavefront sensor in the MCAO system after the wavefront sensor themselves is just 
shifting the control of potential troubles like hystheresys that would be anyway properly taken into account as well as 
non common path aberrations. While we already pointed out that the more and more popular (and tested on the sky) 
technique of MOAO is just a different way of making open-loop correction we think that in the near future the sharp, or 
black and white, distinction between open and closed loop has to be revised.  
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