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ABSTRACT 
 
In the framework of the Multi Conjugate Adaptive Optics technique several new ideas have been proposed in the last 
new years to improve the quality of the correction by using in the most possible efficient way the light coming from the 
references. The Layer Oriented approach, based on the usage of pupil plane wavefront sensors such as the pyramid, is 
using the superimposition of the light coming from several references at the level of the detector in order to increase the 
SNR and is using just the signal which is needed to drive loops indipendently tuned (in term of spatial and temporal 
sampling) to different altitudes. The Multiple Field of View technique proposes to increase the field of view of the 
detectors conjugated to altitudes close to the ground (where the pupil superimposition is high), thus increasing the 
probability to find suitable references and consequently the equivalent photon density on the metapupil. 
The Multiple Resolution technique is instead based on the idea of somehow increasing the depth of focus of the detectors 
in order to maximize the volume of atmosphere sensed by each detector even by using large Field of Views. 
Ground layer MCAO has also been proposed as a technique to accomplish only partial correction over a wide field of 
view and some on sky experiments are going to be exploited on the sky. From time to time there might be the impression 
that we arrived to a kind of a limit for the efficiency of the systems, considering that the light is limited by the FoV that 
cannot be increased indefinitely, but this might be a by product of the fact to look at the wavefront reconstruction in a 
linear fashion. In fact, it has been already shown in the past that it is possible to drive additional DMs by using the signal 
coming from detectors not conjugated to them, but this is accomplished by using a quadratic reconstruction. 
Furthermore, more recently, the idea of using the signal coming from an anular region surrounding the scientific field of 
view to improve the correction in the centre has also been suggested and again the signal has to be treated in a quadratic 
way. All these considerations suggest that there is still room for improvements at the expense of giving up on some 
conventional approaches to treat these problematics. 
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1. INTRODUCTION 
 
In the last years the proposed idea1,2 of compensating the atmosphere increasing the number of references used by the 
wavefront sensor and the number of deformable mirrors to perform the correction with the purpose to increase the 
corrected field of view of an instrument (namely Multi Conjugate Adaptive Optics - MCAO) has taken more and more 
importance, and a number of ideas, lab demonstrators3, on-sky demonstrators4,5 and real instruments6,7 are under 
construction in order to improve this technique and to take full advantage of it. Concerning the new ideas, the Layer-
Oriented (L-O) one8,9 seems to be promising because of the efficient usage of light performed by this technique, and in 
the last years several improvements to this technique have been proposed in order to take advantage of its unique 
features, like the optical co-addition of the light at the level of the detectors, the usage of the Pyramid Sensor (PS)10 
(which is more sensitive and thus more efficient than other conventional wavefront sensors like the Shack-Hartmann and 
the Curvature one11) and the independency of the loops driving the deformable mirrors of the system. What we are going 
to describe in this paper belong to the realm of the possible extensions of the L-O technique, and more specifically it is a 
variation of the Multiple Field of View (MFoV)12 technique with the aim to increase the depth of focus of a WaveFront 
Sensor (WFS) which is using a large Field of View (FoV) to increase the probability to find suitable references for the 
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MCAO loop. In the following sections we will first give a brief overview of the MFoV technique to enter immediately 
after in the core of this new idea, that we call for simplicity the Segmented-MFoV (S-MFoV) technique. 

2. LAYER ORIENTED AND MULTIPLE FIELD OF VIEW 
 
Just to recall the very basic concept of the L-O technique, the idea is to have the wavefront sensors which are looking to 
a certain number of stars simultaneously, and the light coming from all these references is optically super-imposed at the 
level of the detectors, where an image of the telescope entrance pupil is formed. To perform this operation one needs of 
course to use pupil plane wavefront sensors, like the pyramid or the curvature ones.  

 
Figure 1: LEFT: the optical co-addition of the light in the L-O technique; RIGHT: the independency of the loops driving 
the deformable mirrors. 

 
In Figure 1 left side it is shown the optical co-addition of the light in the case of the Pyramid Sensor use, from which it 
should be clear the advantage in term of Signal to Noise Ratio (SNR) compared to the classical Star Oriented MCAO, 
where each detector is looking at a single star. 
Another interesting feature of the L-O is that each detector is conjugated to a DM, and each couple detector-DM is 
conjugated to a certain altitude chosen in order to minimize the residual atmospheric turbulence. Normally, being the 
ground layer quite strong and located very close to he telescope entrance pupil, in a system with 2 DMs one “couple” 
detector-DM is conjugated to the ground and the second one is conjugated to an intermediate altitude (between 5 and 10 
kilometers) close to other powerful turbulent layers. The 2 loops are in fact totally independent from a computational 
point of view (see Figure 1 right side), thus simplifying the system in term of required computational power. But the 
main advantage is that each loop can be tuned in a way to mimic the behavior of the atmosphere at that altitude, meaning 
that the spatial and temporal sampling performed by the wavefront sensors can be optimized with respect to the relative 
value of r0 of that altitude, and this fact can bring a huge advantage in term of photons. There are a couple of draw-backs 
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of the L-O technique, like the usage of relatively large detectors and the splitting of the light between the two wavefront 
sensors. 
An evolution of the L-O is called the Multiple Field of View technique, where the idea behind is to use a larger FoV for 
the detector conjugated to the ground, in a way to increase the probability to find suitable references for the WFS. The 
loops remain independent and the light is still optically co-added at the level of the detector, so it is basically the L-O 
technique but with the WFSs which are using different fields of view. In Figure 2 there is a drawing which is explaining 
the MFoV approach, where the considered FoV of the 2 wavefront sensors are 2’ and 6’.  
 

 
Figure 2: the Multiple Field of View Layer-Oriented technique. 

 
Being the 6’ FoV larger in surface of about 6 times than the 2’, the internal FoV is used entirely by the high layer WFS 
while the ground one is using the annular FoV from 2’ to 6’. In this way, there is no need of light splitting between the 2 
detectors, and thus there is an improvement in term of photons of about a factor 2 on the high layer WFS and of a factor 
10 in the ground one when compared to the normal L-O approach! 
Indeed, we should notice that increasing the FoV of the ground WFS means to decrease its depth of focus, meaning that 
this technique is working only in those observing sites where the ground turbulence is confined in a thin layer located 
very close to the ground, which is true for most of the observing sites. 
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It is clear anyway that, ideally, we should have a way to increase the FoV of a WFS maintaining its capability to be 
sensitive also to turbulent layers located not only very close to its conjugated altitude, and in the following section we 
show that this possibility exists. 

3. SEGMENTED MULTIPLE FIELD OF VIEW 
 
Not all the observing sites are characterized by thin ground layers which are located very close to the ground. For 
example, a study of the seeing conditions over one year on the San Pedro Martir Observatory in Chile13 has shown 
variation of the ground layer altitude of about 2km over one year of campaign. Furthermore, also its thickness is varying 
in time and can go from a couple of kilometers to a maximum of about five kilometers. In such a site, the need of a 
ground layer WFS with a certain depth of focus is clear. 
The basic idea (already proposed in the Bakaskog conference in 200314) is very simple, and it is the following: let’s split 
the large FoV considered for the ground layer WFS in smaller portions, in the way described in Figure 3. In this 
example, we decided to operate the split of the annulus following the criterion of having in each portion about the same 
area of the central 2’ FoV part, and this leaded to a FoV for the annulus from 2’ to 7’ with 6 portions. This operation 
should be done by using a lenslet array, placed in a pupil plane, somewhere in the optical path before the wavefront 
sensing area. It is clear that each of this portion, having an equivalent FoV of about 2’,  will have a depth of focus 
equivalent to the central portion of 2’ normally sent to the high layer WFS, which is of course bigger than the depth of 
focus of the entire 7’ FoV. 

               

Figure 3: the FoV with the annulus shape of the ground layer WFS divided in smaller portions in a way that each portion 
has an area equal to the one of the central 2’ FoV. 

 
Of course, for each of this portion, a dedicated re-imaging optic and detector shall be considered (Figure 5) and the 
signal coming from the smaller portions shall  be somehow combined in order to drive the DM conjugated to a certain 
altitude without loosing the information on turbulent layers close to its conjugated altitude or, in other words, 
maintaining the depth of focus of the smaller portions. Looking at Figure 4, in other words ideally one would like to 
 

FoV = 7’

FoV = 2’ FoV = 2’ 

FoV = 7’ 
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Figure 4: the relation between the depth of focus of a WFS and its FoV. Increasing the FoV (right image) the sensitivity 
of the WFS to turbulent layers located at different altitudes decreases from h1 to h2. 

increase the FoV as in the right image but maintaining the depth of focus h1 of the left image. 
For sake of simplicity, let us consider a DM conjugated to the ground, even if all the considerations can be easily done 
considering whichever conjugation altitude. Let us suppose to have a turbulent layer on the ground, where the DM is  
 

 
Figure 5: the Segmented Multiple Field of View (S-MFoV). The signal coming from the central 2’ is normally used to 
drive a second DM conjugated to a much higher altitude, normally between 5 and 15km, depending on the observing 
site. 

conjugated, and a turbulent layer close to the ground, at a distance h1/2, as it is shown in Figure 5. The problem is how to 
combine the signal coming from the smaller portions to obtain the proper signal to drive the DM conjugated to the 
ground, maintaining the capability to correct partially also the turbulent layer located at h1/2 from the ground. Let us 
make now another assumption, which is that we use also the signal coming from the central 2’ (which is normally used 
to drive an additional DM conjugated to higher parts of the atmosphere) to reconstruct the signal to drive the DM 
conjugated to the ground. If we combine the signal in a linear way, we go back to the situation of a small depth of focus, 
as it should be clear from Figure 6. 
 

??  

 Turbulent 
Layers 

h1/2 
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Figure 6: The linear sum of these Tilt signals coming from the smaller portions A, B and C of the FoV is giving 0. 

In fact in this figure there is a view (in 2 dimensions for sake of clarity) of three portions of the large 7’ FoV. Due to the 
particular choice of the slopes of the three tilt signals, the linear sum of them is giving 0 loosing in this way every 
information previously collected in the smaller portions. It is clear that, summing linearly these signals, there are infinite 
combinations of them giving 0, instead of having 0 tilt signal only when all the tilt signals are 0, as it should be. More 
generally speaking, the effect of the linear combination of the signal is to average the aberrations on the sub-aperture 
scale and to smooth out the high spatial frequencies. 
Basically, the linear combination of the signal is a way to do a kind of numerical MFoV, and so we don’t solve the 
problem of increasing the depth of focus. 
Is there a smarter way to use the signals coming from the smaller sub-apertures to keep a certain depth of focus? 
 

4. NON LINEAR RECONSTRUCTION 
 
One possibility is to use a quadratic reconstruction. The advantage of this is that, by summing quadratically the signals 
coming from the smaller sub-apertures, one can still keep information on the modulus of the deformation. The 
disadvantage is that every information concerning the sign get lost. To clarify the concept, let us consider the example of 
Figure 6 and let’s consider the same signals squared. The quadratic combination of these signals this time is not giving 0, 
 

 
Figure 7: the same signal of Figure 6 squared. 

as it is clear looking at Figure 7; the result will be a tilt somehow proportional to the real one and without information on 
its sign (in this example the tilt measured in the central aperture is the negative of the squared one). Furthermore, 
considering a quadratic reconstruction the signal is 0 only when all the signals coming form the smaller apertures are all 
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simultaneously 0, as it should be. So it is clear that the quadratic reconstruction is giving, in this particular case, more 
information than the linear one, provided that the re-constructor is done in a way to tune the gain and to “decide” the sign 
of the correction in some way. For a different application, a problem similar to this one considering a quadratic re-
constructor has been already described elsewhere15. In that occasion, it has been shown that a very simple quadratic re-
constructor (see Figure 8), which is considering a derivative term to double check the sign of the correction, is 
performing pretty good, having a final residual which is a factor 2 worse than the one that could be obtained with a linear 
one. 

 

 
Figure 8: a quadratic re-constructor with a derivative term for the sign re-construction 

We can look at the problem in a different and more quantitative way. Considering all the ipothesys described in the 
previous section (one ground turbulent layer with a DM conjugated to it and another turbulent layer close to the ground, 
at a distance h1/2, as shown in Figure 5), let us place an additional DM on this second layer, thus located at a distance of 
h1/2 from the ground layer DM. This additional DM is driven by the same WFS conjugated to the ground. This case has 
been exactly the subject described in 15 and we know that there is a way to obtain, from a single WFS, the signal to drive 
an additional DM conjugated at a different altitude. Without entering too much in the details, the most important 
conclusions of that paper are: 
 

• there is an observable which is giving indications on how good is the correction, i.e. the size of the spots on the 
pyramids present on the system 

• this observable (the spot size) is retrievable by modulating the pyramids 

• the relation between the spot size b and the residual wavefront W is ∑ 
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means that it is quadratic. 
 
Let us now consider Figure 9 where, just for sake of clarity, we show the light coming only from 3 reference stars and 
going only in two of the seven regions in which the FoV is divided. The scientific FoV that we want to correct is, as 
usually, 2’ while the WFS is looking at a much bigger FoV of 7’.   
For what we just said, we can thus consider two separated loops to drive the 2 deformable mirrors. The first loop is 
simply doing the linear combination of all the signals coming from the regions used to divide the FoV, the second is 
using a different signal, linked to the size of the spots on the pyramid pins (that in the drawing is indicated with s), and 
is performing a quadratic reconstruction. 
If now we remove the additional DM, but we want still to correct the turbulent layer which is at h1/2 from the ground, we 
have somehow to take into account this quadratic signal. One possible way to do it is to consider a virtual DM16,  i.e. the 
system has only one DM conjugated to the ground and the signal to the DMs are applied only through the ground DM. In 
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other words, the interaction matrix of the system is computed as if in the system there are 2 DMs but then the signal is 
applied by a single DM summing actuator by actuator the commands of the 2 DMs. 

 
Figure 9: The 2 loops driven by the same WFS when using an additional DM conjugated to a layer at a distance h1/2 
from the ground one. 

 
In this way, it is clear how the re-constructor is not anymore linear, since the quadratic part of the 2 loops described in 
Figure 9 is now taken into account in the reconstruction matrix. 
We recall here that the choice of considering the ground layer DM was done only for simplicity, but all this 
considerations can be immediately generalized to whichever conjugation altitude, where the usage of a bigger FoV might 
lead to a considerable advantage in term of sky coverage. 

5. CONCLUSIONS 
 
The idea that we analyzed in this paper belongs to the realm of modifications of the basic concept of Layer Oriented, 
with the aim to improve as much as we can the performance of such systems, above all in the view of future projects 
concerning extremely large telescopes17,18, taking into account that a lot of efforts in the initial phase for such projects is 
going in the directions to find new suitable observing sites, in which the turbulent layer distribution might be different 
from typical ones observed till now. The example of the south pole, where apparently the ground layer is much stronger 
than the others, is a good one for a possible application of the segmented multiple field of view. 
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Nevertheless, a deeper investigation concerning this technique to quantify advantages and disadvantages and possible 
real applications still have to be done and is beyond the purpose of this paper. 
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