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ABSTRACT

For reasonable Field of View (of the order of several arcmin), the pupil overlap in the high altitude layers
is marginal or non existing for 8m class telescopes and dominant for 100m class apertures. Starting from
this matter of fact, we formulated a multiple resolution, multiple Field of View version of the layer oriented
adaptive optics approach which looks at the same layer with �eld apertures and spatial resolution that are
mutually compensating each other: a larger �eld, allowing for the collection of more photons from natural
stars, is used to sample the layer with a �ner spatial detail, and viceversa. In this way the small �eld of view,
with coarse spatial sampling, gives information on the behavior of the atmosphere for a large thickness around
the focused layer, at the expense of the detailed information in a thin slab centered on the layer itself. Such
lacking information is obtained from the wider �eld channel. This requires the coaddition of the two pieces of
information at the level of the Fourier pair of the reimaged layer, which can be accomplished, in a practical way,
directly in the spatial domain rather than in the Fourier one. The consequences on the sky coverage estimations
and on the hardware implementations are discussed. Finally some comments are given about other degrees of
freedom that can be used to improve the performance of layer oriented adaptive optics.
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1. INTRODUCTION

Multiconjugate adaptive optics (or MCAO) as presented by Beckers1, 2 in 1988 has the enormous advantage of
increasing the Field of View (FoV) for the adaptive optics (AO) systems and to give much larger uniformity
of the image quality over the FoV. It also allows for increasing the sky coverage and in the case of AO with
Laser Guide Stars (LGS) to solve the problem of the cone e�ect, but indeed has some limitations that need to
be overcome to exploit its full potentiality.3 In particular the use of a WFS for each referenced star, which
translates into high computational power, and the almost fundamental need of LGS to reach a useful percentage
of sky coverage.

Layer Oriented MCAO has been proposed4, 5 as a linear and easy solution for the wavefront sensing, (a)
being each indipendent couple of wavefront sensor & deformable mirror (DM) both conjugated and tuned to
the characteristics of the same "hot" layer, (b) being the complexity of the system related mainly to the number
of DMs and not to the number of guide stars (GS), (c) with the further advantage that, if using pupil plane
wavefront sensors like the Pyramid Wavefront Sensor,6 it is possible to collect and add on the same detector
photons from several reference stars, also the faint ones.

The e�ect is even greater for Extremely Large Telescopes (ELT) because, apart from the light collection
capabilities, for the same angular separation between the guide stars there is a greater overlap of the telescope
pupils at the same altitude of the layer, and the net result could be an almost full sky coverage with only NGS.7

For the same FoV the pupil overlap at altitudes of 8-10km for an 8m telescope is very small or tends to zero
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Figure 1. The Multiple Field of View concept is based on the fact that at the ground layer a large FoV can be chosen
to increase the sky coverage and the ground layer can be easily compensated. Used together with a smaller FoV to sense
both the ground and the high altitude layers, it allows for the full compensation of the inner part of the �eld. See the
text for a complete explanation. Layers not conjugated to the DMs will be corrected only at lower spatial frequencies as
in any MCAO system.

while for 100m telescopes is still consistent. For example 2arcmin at 10km corresponds to � 6m which means
that the overlap for 8m class is half of their radius (� 14% of the surface) while for the ELT it is still of � 92%.

In this paper we suggest another evolution of the Layer Oriented adaptive optics technique, dedicated to
ELT only, which is the Multiple Resolution (MRes) and Multiple Field of View (MFoV) concept.

2. REMEMBER THE MULTIPLE FOV?

We remind here about the concept of MFoV which has been suggested before8 for the Layer Oriented adaptive
optics as an a�ordable technique to increase sky coverage. In short words MFoV{AO adopts a di�erent FoV
for di�erent portion of the atmosphere, in order to maximize the photon densities on each WFS. It can be
explained considering a MCAO system with two DMs, one conjugated to the ground layer and the other to a
strong high altitude layer. See also Fig.1. We consider now two �elds of view, of 2 and 6 arcminutes, being the
largest FoV used to search for reference stars that drive the DM conjugated to the ground, while for the other
DM reference stars owing to the smallest FoV are used. There is no problem of pupil overlap for the ground
layer, so that a big FoV can in principle be chosen, and the ground layer can be fully compensated. Anyway
this large �eld will have a limited correction because it will not be corrected for the high altitude turbulence.
Let's now consider the smaller FoV, which can also be thought as the scienti�c �eld. The guide stars of this
�eld are used to feed another wavefront sensors, conjugated to the high altitude layer. This second sensor will
sense and drive only the high altitude DM but will take advantage of the correction on the ground layer from
the previous WFS. In this way, using only NGS, a full correction in the inner FoV and a sky coverage close to
the 100% on the Galactic Plane can be achieved.

All we said up to now is valid for 8- 10-m size telescopes and can be scaled to ELTs, with the further
advantage of increasing the pupil overlap in the high altitude layers.
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Figure 2. Left: The lack of photons for the choice of a small subaperture is compensated by the large FoV, but the
thickness of corrected atmosphere (h2) is consequentely smaller. Right: A smaller FoV allows for a greater depth of �eld
(h1). A compromise between these two solutions is at the base of the MRes&MFoV{AO.

3. MFOV AND MULTIPLE RESOLUTION

We extend here the concept of MFoV by introducing a MRes way of sensing each layer. We consider as MRes
the choice of di�erent subapertures to sense the conjugated layers in order to optimize the ratio between number
of photons per subaperture and spatial sampling of the layer. From Fig.2 it is clear that the choice of the FoV
imposes some constraints on the thickness of atmosphere that can be corrected. When the sensor is focused on a
speci�c layer there is a depth of �eld to be considered, and the wavefront correction is available only for a range
of altitudes around that layer which depends on the FoV, the largest is the latter(Fig.2{left) and the shorter
the depth of �eld. On the other hand, choosing a larger FoV allows for a greater number of photons to be
collected, and then the subaperture can become smaller. In this way a thin layer of the atmosphere is corrected
but with high spatial sampling, that is equivalent to a greater number of modes. Viceversa, Fig.2{right, a
larger depth of �eld is experienced by the system with a smaller FoV. To compensate for the lack of photons in
this small FoV a coarse sampling of the layer is chosen and the available correction will a�ect a wide thickness
of atmosphere centered around that layer. A compromise between the size of the subaperture and the size of
the FoV must be found in order to achieve the best performances for the MCAO system, that is the optimum
number of photons per subaperture for the desired Sky Coverage. Observing at a larger FoV, it is possible to
�nd more natural stars, and this allows for the collection of more photons. It is thus possible to shrink the
size of the subaperture to increase the spatial resolution on the focused layer while still keeping a su�cient
number of photons per subaperture. Anyway the information is constrained to a thin layer of atmosphere, due
to the short depth of �eld experienced by the large FoV; layers which are much higher or lower than the focused
one are seen smoothed out (see the di�erence between h1 and h2 of Fig.2). However, the vertical information
on the atmospheric turbulence is recovered from the inner FoV, the smaller one. Due to the small FoV the
depth of �eld is high, but to keep the number of photons per subaperture to a minimum value, the subaperture
must be larger, and then one obtains a coarse resolution on the atmosphere. Following what we said above,
we chose a linear ratio between the subapertures of 4 in one case and of 16 in another simulation that give a
di�erence of � 3 and 6 magnitudes. The secret of MRes comes out here: it is to combine the information at
di�erent resolutions from the two FoV in order to sample on a �ne spatial scale the atmosphere but with much
smaller star density. We will see that the di�erence between the coadded information and the ideal case is
minimum, and anyway weighted towards the highest spatial frequencies, where less turbulence is present thanks
to Kolmogorov's law.
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Figure 3. Left: The compromise between Fov and subaperture sizes is here shown in a simpli�ed but consistent way,
with the three FoV used in the numerical simulation. Right: A vertical slice of the atmosphere,section of the previous
image, with the 5 layers used for the simulation. The FoV are shown: a is the 2arcmin FoV with low spatial resolution,
b is the 6arcmin FoV with high resolution, c is what we want, the 2arcmin FoV with the information on the high spatial
resolution that gets from the �ltering of the large FoV.

4. LET'S GO SIMULATE!

The result of the previous reasoning is that we have two separate information to combine in order to know the
full vertical behavior of the atmosphere on a detailed spatial scale. One information comes from the 6arcmin
annular FoV and is the high frequency sampling of a single atmospheric layer; the other information is from
the inner 2arcmin FoV and is a coarse spatial sampling of the atmosphere but extended to the whole vertical
distribution of the turbulence. The sum of these two pieces of information can be done at the level of the Fourier
image of the conjugated layer, or directly in the spatial domain. The information from the WFS conjugated to
the 6arcmin FoV is �lterd to recover only the high spatial frequencies and these are combined to the low spatial
frequencies of the other WFS.

We performed a serie of simulations adopting the scheme of Fig.3{right, with 5 turbulent layers, and three
FoV: in practice two are the FoV described in the text, a the 2arcmin FoV and b the 6arcmin FoV, while
c is the view that should result from the combined information from the two previous FoV. We simulated
screens of turbulence with an outer scale of L0 = 20m, normalized to the Noll10 variance and each one with
the same power to give a �nal value of the total strength of the turbulence varying as D=r0 = 50; 100; 200,
where D = 100m is the diameter for an ELT. These values of r0 = 2; 1 and 0:5 meters are representative of
the behavior of the high altitude layers of the atmosphere respectively at � = 2:2; 1:0 and 0:5�m: we simulate
in fact that into these 5 screens is concentrated the high altitude atmosphere. The code of the procedure then
creates the three views a,b,c of Fig.3, with a linear ratio between the subapertures of 4 and of 16 which are the
ones described before and then performs the combination of the high spatial frequencies of the large FoV b with
the low resolution signal from the inner �eld a. A �ltering procedure (an high{pass �lter F with variable size
in the Fourier domain equivalent to a convolution or to a smoothing box of di�erent sizes in the spatial one) is
needed to extract the high part from the whole range of frequencies of b. Di�erent cut{o� frequencies produces
di�erent results in the �nal sum and, due to the �ltering, an attenuation factor k is also needed to �nd the
optimal combination of the two side of the spatial spectrum. We found that there is no appreciable di�erence,
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D=r0 = 50 D=r0 = 100 D=r0 = 200

Figure 4. The layers as seen through the 2 arcmin FoV, with di�erent D=r0. The top row of images is the result of c-a
(letters refer to the previous �gure), and must be compared to the bottom row, the high spatial frequencies resulting
from the high{pass �ltering of b, the 6arcmin FoV

at the level of this simulation, between the �ltering in the Fourier domain F � FT (b) and a smoothing box in
the spatial domain. We adopted the latter procedure to simplify the numerical calculation.

We plot as a �nal step the e�ect of adding a+k �FT�1(F �FT (b)), what we obtain from the MRes process,
in terms of residual wavefront rms. We �nally measure the di�erence from c of the sum of the information
from the two FoV, a and b. For display reasons we compare in Fig.4 the high frequencies part of the spectrum,
because images would be dominated by the low frequency and no di�erence could be appreciated. We show
here the di�erence c-a, that is the residual of the high frequency found in c, to the high frequency resulting
from b. The e�ect is shown for the three considered values of r0.

The result of the simulation can be seen in Figs.5,6 and 7 where the residual wavefront rms in [rad] is shown
as a function of k, the attenuation factor described before. A value of k = 0 is representative of the "MFoV
only", but with a poor sampling of the atmosphere. In each plot, from left to right, the curves represent di�erent
cuto� frequencies decreasing towards the low frequency part of the spectrum, and each curve is the result of
the mean between 20 realizations of the turbulent screens.

5. DISCUSSION ON THE RESULTING STREHL AND SKY COVERAGE

5.1. Strehl ratio increase in the faint end

From the plots of a+k � FT�1(F � FT (b)) in Figs.5, 6 and 7 we can immediately see that there is an increase
of the Strehl ratio for the e�ect of adding the portion of high frequencies of b. This is an encouraging result,
nonetheless we have to remind that the Strehl at k = 0, which corresponds to the MFoV case, is done with
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Figure 5. The residual wavefront rms for D=r0 = 50 as a function of the attenuation factor k: each curve is the result
of high{pass �ltering b with decreasing, from left to right, cut{o� frequency. On the right, the result of a sampling
subaperture 4 times largers than the one on the left is shown
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Figure 6. The same as the previous �gure but for D=r0 = 100

a larger subaperture, and obviously gives a poorer sampling of the atmosphere. In other words, for k = 0 we
are in the MFoV case, and we can choose between having a high Strehl with less photons per subaperture (the
typical MFoV case) or having less Strehl but for a fainter magnitude. We take the second choice, and then
we increase the Strehl by adding the information from the high frequency part of the large FoV. Approximate
results of the Strehl as derived from the plots can bee seen in Tab.1, respectively for the MFoV case (k = 0)
and for the best combination of spatial frequencies in the MRes&MFoV (minimum of the curves). It can be
seen that the e�ect in the IR is marginal, but in the red or visible spectrum the Strehl signi�cantly multiplies
its value, up to more than a three-fold increase when the coarse subaperture size is 16 times the 6arcmin FoV.
Anyway this is an approximate calculation and it must be noticed that these values are relative Strehl. If we
consider the results of other simulations,11 which face much into deep the performances of an ELT using MFoV{
AO, we obtain that the expected Strehl is, at � = 2:2�m and with r0 = 1:0m at this wavelength, � 36� 4% in
the galactic plane and � 15� 4% out of it. If we multiply these values by the value of Tab.1 we obtain that the
Strehl does not increase considerably but it is always kept at the highest achievable values, and this for a large
portion of the sky as we will see in the following section.
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Figure 7. The result of the simulation but for D=r0 = 200. On the left the subaperture is 4 and on the right is 16 times
larger than the subaperture of the 6arcmin FoV.

�[�m] coarse MFoV MFoV&MRes
Subaperture size = 4

2.2 0.986 0.995
1.0 0.95 0.98
0.5 0.83 0.95

Subaperture size = 16
2.2 0.61 0.96
1.0 0.24 0.78
0.5 0.21 0.70

Table 1. The relative increase in Strehl when the MFoV is powerd by the MRes&MFoV technique. These values must
be multiplied by the results of more accurate calculation of Strehl for MCAO using MFoV11

5.2. Sky Coverage calculation

We completed our investigation on the performances of the MRes AO with a calculation of the obtained increase
in SC, increase due to the possible use of fainter NGS also in the inner 2arcmin FoV. We compare here the results
between the SC of the simple MFoV12 to an analogue situation for the MRes&MFoV technique. In practice,
thanks to the increase in size of the 2arcmin subaperture, we can search for fainter stars in this region of the
sky. Anyway, even if the di�erence in size of the subaperture suggests for an increase of 3 and 6 magnitudes in
the photon collection capabilities, we only searched for stars giving an integrated magnitude only 2magnitudes
fainter than in the "MFoV only" case. These choice, apart from giving more robustness to our research, will
not change considerably the �nal result.

We compute, for an ELT, the probability to �nd an integrated magnitude 16 in the 2arcmin inner FoV
(MFoV case) and we compare this result with the probability to �nd the same integrated magnitude in a
6arcmin annular FoV together with a 2 magnitudes fainter integrated magnitude in the 2arcmin inner FoV,
that is mV=18. For both examples we sense a number of NGS between 3 and 15. We �nd that the 6arcmin
FoV, already at mV=14, is not magnitude limited, so that choosing a magnitude of 15 or 16 does not increase
the value of SC. Up to 15 NGS are needed to properly sense the atmosphere but lowering this number to 12
NGS, there is a loss of only � 10%. The same is true for the 2arcmin FoV with a magnitude 18 and choosing
a magnitude of 17 does not signi�cantly decrease the result, which means that there are plenty of stars to use.
On the other hand, where there is no SC is because we got to the limit of the stellar distribution; there are less
than 3 NGS in the �eld contributing to wavefront sensing, and anyway there never are more than 10 NGS in
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2'FoV Lim Mag.=16 Lim Mag.=15
b=20� b=50� b=90�(NGP) b=20� b=50� b=90�(NGP)

l=0� 0.92 0.80 0.26 0.92 0.64 0.16
l=90� 0.89 0.48 { 0.80 0.32 {
l=180� 0.81 0.30 { 0.58 0.20 {

Table 2. MFoV sky coverage for 2' FoV and limiting integrated magnitude of 16 and 15, for di�erent values of galactic
latitude (b) and longitude (l).

2' FoV Lim Mag.=18 Lim Mag.=17
6' FoV Lim Mag.=16 Lim Mag.=15

b=20� b=50� b=90�(NGP) b=20� b=50� b=90�(NGP)
l=0� 1.00 1.00 0.39 1.00 0.90 0.33
l=90� 1.00 0.66 { 1.00 0.60 {
l=180� 1.00 0.39 { 0.90 0.36 {

Table 3. MRes&MFov Sky coverage for 2' and 6' FoV and limiting integrated magnitude of respectively 18,16 and 17,15,
to be compared with the result of the previous table

the galactic plane. It can be seen that the sky coverage doubles its value here, in the faint end, thanks to the
boost of the MRes. It is also clear now why the choice to limit our investigation to a brighter magnitude did
not mean a big loss in number of photons per subaperture: the fact is that we could sense the whole sky but the
density of stars already at the 18th magnitude is not enough for a complete SC. If sensing with lower brightness
stars, further problems of sky background, whose e�ect must indeed be considered but a detailed calculation is
actually out of the purposes of this paper, begin to arise. The meaning is that when searching for faint stars at
galactic latitude b � 90� we begin to observe through the plane of the galaxy at stars which are too far, much
higher or lower than the galactic plane.

6. CONCLUSIONS

We have shown that the MRes&MFoV Adaptive Optics can considerably extend the sky coverage for ELTs,
and the di�erence is greater, up to a 2{fold increase, in the faint end. It is a simple idea that keeps constant
the density of photons per subaperture, larger subaperture for smaller FoV, and viceversa, and recombines the
information from two di�erent wavefront sensors at the level of spatial frequencies. For the same reason, at the
expenses of some SC, the MRes&MFoV Adaptive Optics allows for a signi�cant increase of the Strehl especially
in the red and visible side of the spectrum.

One important result is noticeable here and is that with the MRes&MFoV Adaptive Optics we got to the
limit of the sky coverage with NGS, that is we can use for the WF sensing all the available stars up to the 18th

magnitude. We now know that, if we want to rely on NGS only, the next step is not to get more e�ciency from
what we have but maybe to increase the size of the sensed FoV or just to have new ideas, like maybe to go to
an elliptical galaxy...
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