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Abstract
ONERA has recently completed a study on the feasibility of animaging inter-

ferometer for Earth observation from a GEO orbit. During this study, some key
elements for the definition of such an instrument have been identified and studied.
They include the optical design, the cophasing of the instrument on a wide field,
the aperture configuration (i.e., the relative positioning of the individual telescopes
that interfere together), and the restoration of the recorded images. The cophasing
has been validated experimentally. The results obtained confirm the applicability
of wide-field optical interferometry with a Michelson-typeinstrument for Earth
observation from a GEO orbit.

Keywords : Earth observation; interferometry; synthetic aperture optics; multiple
apterture telescope; optical design; cophasing sensor; aperture configuration optimiza-
tion; image restoration.

1 Introduction

The permanent and high-resolution monitoring of Earth would be a breakthrough with
numerous, civilian and defense, applications. Permanencegoes hand in hand with the
use of a high-altitude orbit and thus an increase of the angular resolution of the imaging
instrument with respect to that of a low earth orbit satellite, for the same on-ground
resolution.

ONERA has recently completed a study on the feasibility of animaging interfer-
ometer, also called Multiple Aperture Optical Telescope (MAOT), for high-resolution
Earth observation from a geostationary (GEO) orbit. Duringthis study, some key ele-
ments for the definition of such an instrument have been identified and studied. They
include the optical design, the cophasing of the instrumenton a wide field, the aperture
configuration (i.e., the relative positioning of the individual telescopes that interfere to-
gether), and the restoration of the recorded images. The cophasing has been validated
experimentally.

Sections2 to 5 review the results obtained on these key issues. In the rest of this
contribution, we assume that the images of the instrument will have a pixel size of 1 m
and will be Nyquist-sampled at a wavelength ofλ = 0.5µm. For a GEO orbit, this
leads to a “baseline” (diameter of an equivalent monolithictelescope)B ≈ 10 m.

2 Optical design of a Michelson-type Multiple Aper-
ture Optical Telescope

Two families of optical designs can be considered for a MAOT [1]:
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• the “Fizeau” design (Fig.1a): the aperture segments are portions of a common
primary mirror. The lengthL is close to the maximum baselineB;

• the “Michelson” design (Fig.1b): independent telescopes are combined by a
dedicated telescope. The lengthL is close to the telescope diameterD.
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Figure 1: Principle of Fizeau (a) and Michelson (b) MAOTs, with the same maximum
baselineB and sub-aperture diameterD.

Famous Fizeau designs are each Keck Telescope or the JWST. The Michelson de-
sign is mainly used by ground-based stellar interferometers, such as the VLT-I or the
Keck-I, with very diluted aperture and a very small field. Butdirect wide-field focal-
plane imaging with a Michelson MAOT, as illustrated in Fig.1b, is also possible pro-
vided some optical conditions such as homothetic pupil mapping [2] are met. It has
been experimentally pioneered by the Multi-Mirror Telescope (MMT) [3], the Multi-
Mirror Telescope Tested (MMTT) [4], the Multi-ap [5]. Very wide field imaging has
been validated by simulation with complex designs [6, 7].

The choice between the Michelson and Fizeau designs is a complex system task
involving optical design and manufacturing, mechanical design, etc. Such a trade-off
that can only be performed once the detailed performance of each design is known.
Fizeau MAOTs can be considered as masked monolithic telescopes, so they can be
simply designed, optimized and characterized with classical optical-design softwares.
But to the best of our knowledge, no optical-design softwarecan perform optimization
with parallel propagation in several arms. Therefore, the design of a Michelson MAOT
is a sophisticated task, which relies heavily on the designer’s physical intuition and
know-how. Indeed, many specific constraints must be considered simultaneously, as
investigated and progressively understood by many authorsfor astronomy or wide-field
imaging [2, 8, 6, 9, 10, 11].

We investigated in details the design and optimization of a Michelson MAOT. To
this aim, we have developed a computer tool, based on the analytical computation of
the aberrations in the sub-telescopes and periscopes of Michelson MAOTs. Such an
analytical approach gives more physical insight for each free design parameter and
allows one to better control the optimization.

The main result of this study is that a very wide field can be obtained with rather
simple designs based on 2-mirror sub-telescopes, mainly byusing a smallD/B ratio
[12]. Most other authors propose more complex designs based on at least 3-mirror
sub-telescopes. For example, Fig.2 shows the configuration we used to validate our
analytical study by an independent Zemax computation. It ismade of 4 Mersenne
sub-telescopes (two confocal paraboloids) combined with aclassical 3-mirror Korsch
telescope. The linear configuration can be extrapolated to a2D configuration with same



performance, using more telescopes, as described in section 4. The Strehl ratio esti-
mated from the wavefront error originating from optical design is larger than 0.95 over
a field of 15 000 resolution elements.

Detail near
the focal-
plane:

Figure 2: Optical design of a diffraction limited MAOT with amaximum baseline
B=10 m and sub-telescopes with diameterD=1 m.

3 Cophasing on a wide field

3.1 Selection of a cophasing sensor

For correct performance, the aperture of an imaging instrument must be phased to a
small fraction of the wavelength. For a 10 m aperture diameter in the visible as consid-
ered here, this leads to a figure control better than 1 part in108 which can most likely
not be met passively. A critical sub-system of interferometers is thus the cophasing
sensor (CS), whose goal is to measure the relative positioning (differential piston and
tip/tilt) of the sub-apertures, which are the main sources of wave-front degradations,
and possibly the higher-order aberrations on each sub-aperture. Even if the instrument
can be stabilized by a complex internal metrology, we believe that an external sensor,
based on the analysis of the observed scene, is required to cancel drifts induced by
differential paths [13, 1].

Measurement of tip/tilt or of higher-order aberration modes by wave-front sensors
is now a well established technique for monolithic telescopes, even on very extended
objects such as the Earth seen from space [14]. Piston measurement has also been
widely studied for metrology sensors, and piston compensation of distant telescopes
has been demonstrated with non cooperative sources on the ground [15, 16]. But for
most of these devices based on a pupil-plane combination, the contrast of interference
fringes strongly decreases as the extension of the observedscene (or object) increases,
which makes them useless on very extended scenes. To overcome this problem, specific
kinds of fringe sensors have been proposed.

A first solution is spatial filtering (SF) with a field stop in each sub-telescope, to
extract a spot from the scene [17]. The main drawback of this technique proposed for
Sun observation is that since the field stop dimension must beclose to the sub-aperture
resolution, only a very small amount of the scene flux is used,which is not acceptable
for Earth observation. In addition, to ensure a high fringe visibility, a high pointing
accuracy must be achieved on each telescope and the ratioD/B must be kept small.



Table 1: Summarized comparison between spatial filtering and phase diversity for
cophasing.

Criterion Spatial Filtering Phase Diversity
Optical setup complex simple
�2 beams complex simple
Flux huge loss no loss
Tip/tilt compensation required not required
Tip/tilt measurement no yes
Higher order modes meast. no yes
Data processing simple complex

Another solution is phase diversity (PD), a focal-plane technique based on the ob-
servation of at least two images of the same object to simultaneously solve for the un-
known object and phase. While originally introduced for monolithic telescopes [19],
PD has been extended to MAOTs [20] and has been experimentally validated on a
MAOT laboratory breadboard [21]. We have shown that when used for phase measure-
ment, the object can be integrated out of the problem and thatthis “marginal” PD is
more efficient on monolithic telescopes than the classical joint PD methods [22, 23].
Simulations show that marginal PD is also a good solution forMAOT cophasing [24].
An important feature of PD is that complexity is reported on the software: a simple
optical hardware theoretically allows the simultaneous measurement of many Zernike
modes on a large number of sub-apertures.

The comparison between these two solutions is summarized inTable1. Other in-
vestigated solutions, such as Hartmann-Shack wavefront sensors with sub-apertures
overlapping adjacent MAOT sub-pupils [25], are not suited for large sub-telescope
spacing and are not reported here. PD is based on the analysisof the image produced
naturally by the MAOT, whereas SF requires a dedicated optical device (inducing dif-
ferential paths) to insert field stops and implement the pairwise pupil-plane combina-
tion, which allows a simple phase computation. A multiple-beam focal-plane combi-
nation can also be used with SP, but the data processing is then quite similar to that of
PD.

The best solution for Earth observation, according to Table1, is phase diversity. To
test its performance, a prototype sensor and a laboratory bench have been built.

3.2 Experimental results

We have designed, built and validated a prototype phase diversity CS for Earth obser-
vation. After a short presentation of this prototype and itstestbed, we present its latest
results. A more comprehensive presentation of the testbed along with earlier results
can be found in [18, 26].

A schematic view of the testbed, called BRISE for Banc Reconfigurable d’Imagerie
sur Scènes Etendues, is shown on Fig.3. BRISE is mainly composed of four modules
(source, perturbation, detection and control), describedbelow.

The source module delivers two objects: an extended scene, which is an Earth scene
on a high-resolution photographic plate illuminated by an arc-lamp, and a reference
point source, which is the output of a monomode fiber fed with aHe-Ne laser.



∆λ
ARC

Pupil maskDEF

LASER DIODE

REF

EXT

ALIGNMENT

SOURCE PERTURBATION DETECTION

CONTROL

Figure 3: Schematic view of the BRISE testbed and photographof the deformable
mirror (DEF).

The perturbation module has three functions: it images the source on the detector,
defines the aperture configuration and introduces calibrated aberrations; its main com-
ponent is the deformable mirror (DM), which performs the latter function. In order to
introduce only piston and tip/tilt, we have chosen to manufacture a specific segmented
DM consisting of three planar mirrors mounted on piezo-actuated platforms by Physik
Instrument, which have exactly these three degrees of freedom.

The detection module is a water-cooled CCD camera that simultaneously records
a focal-plane image and a defocused image of each of the two objects to implement a
phase diversity CS. Figure4 shows an experimental example of such an image. The
control module drives the experiment.

Figure 4: Focused (left) and defocused (right) experimental images of the extended
scene (bottom) and reference point source (top) objects. These images are recorded
simultaneously on different parts of the same detector and used for phase diversity.

Special care has been given to the control of errors that could limit CS performance



or the evaluation of the CS performance on extended objects.In particular, the two ob-
jects are observed simultaneously through very close paths, to minimize the differential
effects of field aberrations, vibrations or air turbulence.A very accurate aberration cal-
ibration can thus be achieved thanks to the high SNR of the measurement obtained on
the reference point source.

Figure5 presents the piston measured at high photon level on a given sub-aperture
as a function of the piston effectively introduced by the DM,for the reference point
source atλr = 633 nm and for the extended scene, illuminated with white light and
a spectral filter of width40 nm centered aroundλe = 650 nm. For each introduced
piston, three measurements are performed and reported on this figure. The point-source
measurements exhibit an excellent linearity between roughly −λr/2 and+λr/2, at
which points the expected modulo2π wrapping occurs. With the extended object, the
curve is linear on a slightly smaller piston range. Some features are different on this
curve with respect to the one obtained with the reference point: the slope is not exactly
unity, although this would not be a major problem in closed loop, and the sort of smooth
wraparound that occurs around+λe/2 is somewhat surprising and currently interpreted
as a consequence of the spectral bandwidth. Figure6 shows the repeatability obtained

Figure 5: Piston measured at high photon level on the first sub-aperture, as a function
of the piston effectively introduced by the DM.

on the piston measurement with the extended object. The standard deviation of the
estimated piston is, as expected, dominated by detector noise for low fluxes, and then
inversely proportional to the square root of the number of photons per pixel (photon-
noise regime). It is for instance below1 nm as soon as the average flux is above1000
photo-electrons per pixel.

4 Aperture configuration optimization

4.1 Introduction

The relative arrangement of the elementary telescopes (theso-called aperture configu-
ration, or pupil configuration) is a key aspect of the design of a interferometer. There



Piston repeatability

Figure 6: Repeatability obtained on the measurement of the piston on the first sub-
aperture with the extended object, as a function of the average photon level per pixel.

is an abundant literature on this subject in radio astronomy. More recently, many pa-
pers have discussed this subject with respect to optical instruments (see, e.g., [27] for a
review and extensive references). Here, we focus on imagingMAOTs, which form im-
ages of the observed object in a focal plane, as opposed to optical interferometers such
as the VLTI, which provide only visibilities (Fourier samples of the observed object).

The purpose of the following is to derive a criterion for aperture configuration opti-
mization of imaging MAOTs under constraints such as the total collecting surface and
the system complexity (e.g., the number of apertures or their sizes).

4.2 Optimality criterion for aperture configuration

We consider an imaging MAOT whose field aberrations can be neglected. The record-
ing process is modeled as:

i = h ? o + n (1)

whereo is the observed object (scene),i is the recorded image,n is an additive noise
and? denotes a convolution.

As mentioned in the introduction, the quantity of utmost interest is not the raw
image, but rather the object that can be estimated from this image. Here, we choose
to perform the restoration by means of the Wiener filter, because it is optimal in the
mean-square sense in the class of linear filters and because it lends itself to analytical
calculations. The estimated object is then, in Fourier space:

õe =
ı̃ h̃∗

|h̃|2 + Sn/So

(2)

wherẽ· denotes Fourier transformation andSn andSo are the power spectral densities
(PSD) of the noise and of the object respectively.

The restoration errorε can be defined as the RMS difference between the original
objecto and its estimateoe: ε2 ,

∑
k,l |oe(k, l) − o(k, l)|2. Thanks to Parseval’s



theorem, this error can also be written:

ε2 =

∫∫
|õe − õ|2(νx, νy)dνx dνy . (3)

For the design of an operational system, there exists a frequency domain of interestD
given by the resolution needed for the considered mission. For simplicity we consider
that this domain is a disk of radiusνmax = B/λ, called the maximum frequency of
interest. As a consequence, the metric of interest is rather:

ε2D =

∫∫
(νx,νy)∈D

|õe − õ|2(νx, νy)dνx dνy. (4)

The approach we take is that of experiment planning: the optimal aperture config-
uration is the one that yields the smallest error, on averagefor a class of objects and a
large number of noise outcomes. LetεD be this average error, plugging Eqs. (1) and (2)
into Eq. (4) and averaging the latter yields:

ε2
D , 〈ε2D〉o,n

=

∫∫
(νx,νy)∈D

Sn(νx, νy) dνx dνy

|h̃|2(νx, νy) + Sn/So(νx, νy)
(5)

For a white noise, this simplifies further:

ε2
D ∝

∫∫
(νx,νy)∈D

dνx dνy

|h̃|2(νx, νy) + Sn/So(νx, νy)
. (6)

This result extends earlier work based on the same approach[27] in that it uses a Wiener
filter instead of an inverse filter truncated to the maximum frequency of interestνmax.
In particular, if we consider that the SNR is high below this frequency (Sn/So → 0)
then Eq. (6) reduces to

ε2
D ∝

∫∫
(νx,νy)∈D

1

|h̃|2(νx, νy)
dνx dνy , (7)

which is equivalent to Eq (19) of [27].
The numerical minimization of Eq. (6) with respect to the positions of the indi-

vidual telescopes has been implemented by means of a conjugate-gradient method and
yields the optimal configurations, for a given number of sub-apertures of a given size.

Note that this approach can be extended [28] to an instrument that is rotating, so as
to synthesize an aperture in time. This is a natural and effective way to reduce the size
and number of the sub-apertures, as noted by Guyon[29].

4.3 Simulations

In the simulations presented here we consider thatSn/So is a constant equal to
10−4, which corresponds for instance to recording a point-source with a total flux of
104 photons and a negligible detector noise. The minimization of the metric defined
in Eq. (6) has been performed numerically for various numbers of sub-apertures and
various diameters for each sub-aperture, in order to yield the optimal configuration. In
practice, because we currently use a gradient-based minimization and the metric has
several local minima, it is necessary to use several starting points to get to the global



minimum. At this minimum, the value of the metric is very informative, as it gives the
average error on the restored object. The diameter of the sub-apertures can be increased
until this error is considered reasonable.

Figure7 shows the configuration optimized in snapshot mode for 9 and 12 sub-
apertures. For 12 sub-apertures, the diameter is about20% smaller than for 9. Com-
plementary simulations show that for a rotating instrument, 7 sub-apertures are enough
to obtain a good frequency coverage, even with a diameter50% smaller than for 9
sub-apertures in snapshot mode.

Figure 7: Optimal aperture configurations obtained with 9 (left) and 12 telescopes
(right).

5 Image restoration

We have developed a data processing method suited to a MAOT. It differs from meth-
ods of image reconstruction from interferometric data usedin astronomy[30] because
a MAOT records a continuous set of the observed object’s spatial frequencies and not
a discrete one. The appropriate processing is an image restoration, whose aim is to
compensate for the intrinsically low Modulation Transfer Function of such an instru-
ment (see Fig.8) while preserving the informative elements in the image such as edges,
which are present in all man-made constructions. This restoration method is adapted

Figure 8: Modulation Transfer Function of the 12-telescopeaperture configuration
shown on the right part of Fig.7.



from developments performed for Space observation and can cope with an imperfect
knowledge of the transfer function of the instrument [31]. Figure9 shows the simula-
tion of the complete instrumental chain,i.e., acquisition and restoration. The compari-
son between the image that would be obtained with a single aperture (Fig.9b) and the
one obtained with the complete instrument (Fig.9c) simultaneously shows the pres-
ence of high spatial frequency information in the latter image and the attenuation of
these high frequencies by the instrument. These images takeinto account the optical
and the detector transfer functions and have a noise level corresponding to an average
of 30000 photo-electrons per pixel. Figure9d shows that the proposed method leads
to a restored object that is very close to the original one (Fig. 9a): it restores the sharp
edges of the object and simultaneously avoids noise amplification.

(a) (b)

(c) (d)

Figure 9: Observed object (a), image seen by a single aperture (b), image recorded by
the complete MAOT (c) and restored image (d).
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7 Conclusion

Together, these results show that the permanent and high-resolution monitoring of our
planet is a breakthrough that is possible with current technology, and could constitute
a challenging yet federating and enthusing project.
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