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WIDE FIELD ASTRONOMY
Wide field optical system (typically Schmidt designs): 

observation of transients, planets, …
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• The first objective is to propose a comparative optical study between a mass-produced
commercial wide field camera using a classical flat sensor vs a simplified and more efficient
wide field camera by using a curved sensor. Thanks to that, I can quantify the gain in
image quality (sharpness, contrast, vignetting, optical complexity) provided by the use of
a curved sensor.

• The second objective is to realize the prototype of this simplified design and characterize
the electro-optical performance of the curved sensor used in it. The sensor characterization
is not sufficient to drew the attention of the different actors for future mass-production,
but a curved sensor included in a fully-functional camera will have more impact.

4.2 Developments on curved sensors

4.2.1 State of the art on technologies linked to curved focal planes

This state of the art is non-exhaustive and presents the main international contribution on the
curved sensor technology closely linked to our own developments.

4.2.1.1 Curved sensor developments

As explained by Rim et al [42] or Fendler and Dumas [43], the curvature of focal plane ar-
rays leads to a drastic simplification of the optical systems by offering a new parameter in the
optimization. The field curvature, composed to first order by the Petzval curvature and the astig-
matism aberration, no more has to be compensated by a set of complex optics flattening the field.
One of the nicest example of the impact of curvature in the field is the Kepler satellite focal plane
array, made of 42 flat large format CCD sensors disposed on a highly curved structure (cf Fig.4.1
left). This solution of "pseudo-curvature" presents some drawbacks for high angular resolution
imaging: the optimization of the optical quality is done over zones, and the PSF shape is no more
homogeneous over the local field.

R&D activities have been launched by ESO in the field of astronomy, in collaboration with the
University of Arizona, for the development of large format visible curved sensors with a con-
sequent curvature (Iwert et al [44], cf Fig.4.1 right). In that case, the manufacturing process
has been fully developed and delivered a perfectly working component suitable for astronomical
applications.

Figure 4.1: Left: The Kepler Focal plane made of flat sensors on a curved support. Right: Curved
array from ESO and designed for astronomy.

Swain et al. [45] present in 2008 the development of curved sensors done so far, showing the im-
pact on optical design enhancement for several applications, from very wide field of view stereo
panoramic camera to earth-based and space-borne optical telescopes. For instance, a compara-
tive study has been done for the Large-aperture Synoptic Survey Telescope (LSST) for the use of
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CURVED FOCAL PLANES

Kepler focal plane, 
42 flat CCDs

Additional field flatteners
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CURVED DETECTORS DEVELOPMENT

(a) A curved bolometric array developed at CEA-
LETI by Dumas, and its first captured image (b) MCT sensor developed at CEA-LETI by Tekaya

Figure 4.3: Developments on infrared curved sensors by the CEA Leti.

B. Guenter present development done so far at Microsoft on a precision method for shaping ultra-
thinned commercially-available CMOS sensors into highly curved focal surfaces [41]. By using
pneumatic forming process that avoids rigid mechanical constraints, they have concavely curved
a small CMOS sensor of 7.6 x 7.7 mm at a fixed radius of curvature of 18.74 mm. This sensor
is functional and captures images as shown on Fig. 4.4. In Fig. 4.4b, the sensor is electrically
connected with numerous and very long wires bonding, making it fragile and sensitive to the
working environment (vibrations, air flux, thermo-mechanical stress...).

(a) 18 Megapixel 7.6 x 7.7 mm CMOS curved sen-
sor at 18.74 mm radius of curvature

(b) Image captured with the 18 Megapixel curved
sensor using a F/1.2 lens

Figure 4.4: Microsoft curved CMOS sensor and captured image [41].

4.2.1.2 Patents on the curving processes and optical designs

Different technologies have been investigated for few years. Canon and Sony patented their in-
novations on curved sensors.

Canon patents

Canon patented two solutions of tunable curved sensor controlled by using magnet [49] and
suction devices [50] below the sensor. An electronic device would curve the image according to
the aberrations of the optical system and image capturing conditions (Fig. 4.5). The achievable
radius of curvature precision over the full curvature range has not been addressed in the litera-
ture for such tunable curving process, and it might be an issue for fast focal-ratio optical system
dealing with small depth of focus. Moreover, the concave curvature only seems to be considered,
not the convex shape.
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(a) Sony curved CMOS sensor.

(b) Thermal substrate di-
lation/retraction + air
sucking curving process.

(c) Magnetic field curving pro-
cess allowing tunable curva-
ture.

Figure 4.7: Additional solutions of bending and the first CMOS sensor by Sony.

The advance of Sony comes from their parallel developments on sensor curvature and the design
of objectives, making them maybe the closest manufacturer to the large-scale production.

Other industrial actors

Other private companies showed an interest on it. Nikon applied for a patent in 2008, and more
recently on a F/2.0 wide-angle 35 mm lens to be used on a camera body with a full-frame curved
sensor (Patent P2017-125904A, Fig. 4.8).

(a) Optical design of the F/2.0 wide-angle 35 mm
lens. (b) Illustration.

Figure 4.8: Nikon F/2.0 wide-angle 35 mm lens.

Toshiba communicated also in 2011 but has not still revealed a functional prototype. Konica-
Minolta and Standard worked also on objectives optimized for the curved sensors. Google
patented for years several inventions linked to curved sensors. They propose a MEMS-released
curved image sensors capable of sensing light from a monocentric lens [51], work on curved
sensor cover [52] and work also on tunable curved sensor [53]. Apple is also active, with a
patent [54] on a very compact optical design for smartphone camera (Fig. 4.9).
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A new way of solving the problem

Sony 2014Microsoft 2017

LAM/CEA 
Leti 2017

Many advantages:
• smaller and more 

compact systems
• better throughput
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MESSIER: EXAMPLE FOR ASTRONOMY

Observing ultra-low surface brightness objects (35 mag/arcsec2)

3 hours11 hours

The paradigmatic case of NGC 5907

NGC 5907Springel, 2015

Cosmic web
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MESSIER: EXAMPLE FOR ASTRONOMY
REQUIREMENTS:
1. Low PSF wings
2. No refractive surfaces (low UV background)

Research Article Applied Optics 4

Fig. 2. Dependence of the basic parameters of a purely reflec-
tive Schmidt telescope as a function of f -ratio and field of
view (in degrees): a RMS spot radius (in microns) at the edge
of the FoV, b Central obscuration (in percentage).

Fig. 3. Optical scheme of the bi-folded reflective Schmidt tele-
scope.

B. Image quality
The image quality of the telescope is measured through spot size
diagrams. The diagrams for Configuration I (Fig. 4a) show that
the image quality is close to the diffraction limit. In Figure 4b, the
energy concentration plots demonstrate that the contribution
of the residual aberrations observed on the spot diagrams is
negligible. The spots radii for both configurations are given in
Table 2. Note the high uniformity of the image quality across the
FoV.

Table 2. Image quality of the optical design with filters.

Waveband limits Spot rms radius Spot rms radius

[nm] at FoV center [µm] at FoV edge [µm]

Configuration I

350 – 1000 2.1 3.1

Configuration II

350 – 410 1.8 3.7

400 – 560 2.3 3.8

550 – 700 1.7 3.4

680 – 860 1.7 3.3

860 – 980 1.7 3.3

The image quality in Configuration II remains almost un-
changed and matches the requirements.

Finally, one of the key requirements for the instrument is
the absence of distortion. We illustrate the implementation of
this requirement in Fig. 5. The correction of distortion over
an extended FoV is inherent to Schmidt-type designs, so the
distortion along both axes is insignificant and well below the
requirements. We note here that the current design is relatively
sensitive to the components misalignments and manufacturing
errors. It is an unavoidable property of off-axial optical systems
using aspheres. However, preliminary tolerances estimations
performed by standard Monte-Carlo techniques show that all
the values are technologically realistic. For instance, the typical
limit for mirrors longitudinal shift of the mirrors is 0.1 mm, and
for the detector it ranges from 0.02 to 0.1 mm depending upon
the assumptions made on the focusing mechanism. The typical
limits to the decentering of the components are 0.05-0.1 mm.
The corresponding values for the tilts are 0.�003–0.�1 with the
highest sensitivity for the spherical mirror. The tolerances on
surface shapes depend strongly on the initial assumptions and
calculation techniques. Approximate limits are 500, 100 and 50
µm for the primary, secondary and tertiary mirrors, respectively.
It is premature at this stage to provide here a more detailed
tolerance analysis, which will be carried out in a forthcoming
study.

In addition to the usual ordinary image quality estimates,
the shape of the PSF is an essential factor, and particularly its
wings, for the proper photometry of ultra-low surface brightness
objects. We sampled two points in the FoV: the center at (0�, 0�)
and one corner at (1.�3, 0� 8). The Huygens formalism is used to
compute the PSF, so the results are normalized to the diffraction
limit. Fig. 6 shows the results, converted to logarithmic scales
in both cases (with and without central obscuration taken into
account in the computations). One can see from the diagrams

Muslimov et al., 2017

Research Article Applied Optics 2

requires the optical design to be distortion-free at least in one
direction.

The goals of the MESSIER mission are achievable with a high-
quality, 50 cm diameter, fast ( f /2) UV-visible telescope with a
huge field of view (> 2� ⇥ 4�). In this paper, we consider a re-
duced version of the telescope, intended to serve as a pathfinder
for the main mission. The manufacturing of the pathfinder rep-
resents a fast-track project, aimed at testing and improving a few
key technologies required for the full-scale project implementa-
tion, hence some mitigation of the main requirements is allowed.
Taking into account the currently available technologies and
components, the telescope target specifications are defined as
follows (see Table 1). The resolution requirement is defined by
the useable pixel size and approximately corresponds to 2.005 per
pixel. Using the rms spot radius is a simplified but convenient
way to estimate the optical quality during design and optimisa-
tion, while controlling the spot size makes the PSF core to match
the size of the pixel. To achieve the most compact shape of the
PSF we should minimize the obscuration and exclude spiders at
the design stage.

Table 1. Main parameters for the MESSIER pathfinder tele-
scope.

Parameter Symbol Value Value

(pathfinder) (space telescope)

Field of
view

FoV 1.�6 ⇥ 2.�6 2� ⇥ 4�

f -ratio W 2.5 2.0

Primary
diameter

M1 356 mm 500 mm

Distortion e <0.5% <0.5%

(in one direction) (in one direction)

Spot rms
radius

r <12µm 5–15µm

In this context, many different options for the optical design
of such survey telescopes have been considered (see e.g. [9–11]).
In particular, off-axis optical designs such as the Three Mirror
Anastigmat (TMA) with aspherical [12–14], or freeform mirrors
surfaces [15, 18] yield a very high performance over an extended
field of view (FoV). These designs were analysed in detail and
compared with other schemes such as the Schmidt and SEAL
telescopes [16, 17], and led to the conclusion that the modified
reflective Schmidt design fulfils all the requirements in terms
of optical performance and, in addition, is made up of easily
manufacturable optical components. Further, the simple optical
scheme eases the telescope assembling and alignment.

In this paper we therefore study the properties, limitations
and manufacturability of this reflective Schmidt optical design.
We first present the basic bi-folded Schmidt design, and con-
sider and quantify the advantages and shortcomings inherent
to this type of telescopes. We then describe a design to reach to
the specifications given above for a MESSIER pathfinder tele-
scope, and study the anamorphic aspherical mirror used in this
scheme, providing details on its manufacturability by active
optics methods and its optical quality testing.

2. BI-FOLDED SCHMIDT DESIGN

A. The design concept
The basic principle of the wide field telescope invented by
B. Schmidt is a single concave spherical mirror, used with an
entrance pupil stop at its centre of curvature [19] (though a simi-
lar principle was considered by a few authors before him). This
combination is corrected of each aberration, over the FoV, except
for spherical aberration. To compensate, an entrance refractive
corrector plate is placed at the entrance pupil that provides cor-
rected images over all the field of view (Fig. 1a). By balancing
the slopes of the aspherical plate, i.e., the 1st-order derivative of
the aspherical plate, the chromatic variation of spherical aber-
ration (sphero-chromatism) remains the dominating aberration
residual. Another basic feature of the Schmidt design is the ad-
vantage of a curved focal surface on which the celestial sphere
is naturally projected, resulting in a projection that is entirely
free from distortion aberration, and making it ideally-suited
for wide-field telescopes aimed at sky surveys. Similarly, the
proposed all-reflective design shown in Fig. 1b uses an off-axis
reflective aspheric corrector, so that sphero-chromatic blur aber-
rations disappear. In his analyses of reflective Schmidt designs
for telescopes and spectrographs, Lemaître (1979,[20]) showed
that in all-reflective designs the best angular resolution over the
field of view is achieved by balancing the meridian curvatures,
i.e. the 2nd-order derivatives, of the aspherical mirror or diffrac-
tion grating [20, 21]. If, as we do in this paper, one assumes an
incident beam with a circular cross section at the entrance pupil
aspheric mirror (primary mirror M1) of clear aperture 2R

m

, the
curvature balance rule states that any parallel ray within a cylin-
drical tube of aperture 2R0 will reach an elliptical null-power
zone in M1 such that the relationship between the R0 and R

m

radii is given by the simple ratio

R0
R

m

=

r
3
2

⇡ 1.224 . (1)

This leads to an elliptical null-power zone outside the clear
aperture. Incidentally, this result is very different from the
case of a refractor plate where the null-power zone is such that
R0/R

m

=
p

3/2 ⇡ 0.866, i.e., inside the clear aperture of the
beam. Hence the optical surface of the M1 mirror is generated
by homothetic ellipses having principal axis lengths in the ratio
cos i. The principal axis lengths of the elliptical clear aperture en-
trance pupil M1 are 2R0 and 2R0/ cos i. Such reflective Schmidt
design geometries have been adopted for broad-band faint ob-
ject spectrographs with aspherised gratings [21] and also for
the giant Chinese segmented telescope LAMOST [22, 23]. How-
ever, in these cases, the focal surface in the middle of the beam
creates a central obscuration and additional diffraction spikes
are caused by the holding spider.c Therefore, in our proposed
design, both the spiders and the corresponding diffractive defor-
mation of the PSF are eliminated by adding a folding flat mirror.
This also allows a much better access to the focal surface, which
is placed outside the optical train (see Fig. 1b).

In the case of a purely reflective Schmidt, except for particular
cases such as aspherised grating cameras working in reflected
normal-diffraction [21], a rotational symmetric corrector does
not reach the optimal resolution. Indeed, a 5th-order astigma-
tism aberration (Astm5) residual remains all over the field of
view and thus is not corrected at the centre. A much higher
angular resolution can be achieved through a non-axisymmetric
corrector where the M1 surface has homothetic elliptic level
lines. When the extreme curvatures along meridian sections

Pathfinder design
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FISHEYE OBJECTIVE: COMMERCIAL 
APPLICATION

Slide from Wilfried 
Jahn’s PhD talk

Reference

8 – 15 mm
FoV 85-135°
Concave sensor R = 150-345 mm

Radius:	150	mm	concave	
Fully	functional

B
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FISHEYE OBJECTIVE: COMMERCIAL 
APPLICATION

Slide from Wilfried 
Jahn’s PhD talk

Reference

8 – 15 mm
FoV 85-135°
Concave sensor R = 150-345 mm

2

Radius:	150	mm	concave	
Fully	functional

Patent n°1658104

8 – 15 mm
FoV 180°
Convex sensor R = 280 mm

Gaeremynck (2014)

A

B

C
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Table 4.7: Wide field angle camera prototype parameters.

Parameters D9L D11L VS Canon objective

Sensor radius 150 - 343 mm concave 280 mm convex flat

FoV 134◦ - 84◦ 175◦

Focal range 8.5 - 14.7 mm 8.2 - 15.1 mm

Aperture 4.2 4.2

Image size [mm] 22 mm diagonal 24 - 44 mm diagonal

Number of lenses 9 11 14

Number of materials 3 7 11

Aspherical surface No No Yes

Vignetting off-axis 10 % No 50 %

to reach very compact systems with high performances. This is the inverse approach than mine
and it is also very promising. There are also plans to consider compact telescope designed for a
CubeSat which uses a curved sensor, based on the work of Eduard Muslimov during his postdoc
at LAM, to demonstrate the gain in performance and compactness for astronomical instruments.

In the two next sections, I present some results obtained during my free time on two others
systems. These operating points have been defined by my own initiative, I wanted to do pre-
liminary investigations on the impact of curved sensor on simple systems, linked to the work
of Christophe Gaschet, PhD student at CEA Leti working on closed topics. At some points, we
decided to consider these results and present it in this manuscript. The results I obtained are
complementary to the study on Fisheye cameras.

159

A BC

Jahn et al., 2018 (in prep.)

FISHEYE OBJECTIVE: PERFORMANCES
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AMAZING PICTURES

Figure 4.33: The very first images with people working on this project.
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MANY DETECTORS PRODUCED

CMOSIS CMV20000, 5120x3840 pixels of 
6.4 um
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MANY DETECTORS PRODUCED

WE WANT TO KNOW THEIR 
PERFORMANCES

CHARACTERISATION
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WHAT DOES CHARACTERISATION MEAN?

Evaluation of the characteristic noise components 
and dark current impact.

Evaluation  of  the  conversion  factor  between 
digital number (DN) and number of electrons that 
originated it (gain DN/e-).
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TYPICAL QUANTITIES

Stot = kNe + Soff

Observed signal

gain Electrons generated due to light

offset/bias signal
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TYPICAL NOISE EQUATION

The noise variance on each pixel is:

stot2 = k2sr2 + k2se2 = k2sr2 + k2Ne

total noise called 
temporal noise

readout noise (RON)

shot noise 
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WHAT IS THE DARK CURRENT? 

Due to thermal agitation of electrons.

Depends on temperature

Have to be stable within 1oC 
during characterisation
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HOW TO MEASURE THE DARK CURRENT 

Stot = m texp + Soff

RECIPE:
Expose in the darkness for different exposure time

fit this relation

The dark current is the slope m.



   Exposure time (s)
19

HOW TO MEASURE THE DARK CURRENT 

Stot = m texp + Soff

We always acquire 30 images and compute the 
median image

P R E L I M
 I N

 A R Y

Concave 1
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HOW TO MEASURE THE TEMPORAL 
NOISE 

x

y

std in each pixel
image of standard 

deviations

stot

mean of 
all std

temporal noise



21

HOW TO ESTIMATE THE GAIN

stot2 = k2sr2 + k2Ne = const + k(Stot - Soff)

Temporal noise variance vs signal = 
linear relation 

RECIPE:
Expose to uniform and stable illumination for 
different exposure time
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SET-UP USED

Integrating 
sphere

CMOSIS 
evaluation board

PC
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SET-UP USED

Integrating 
sphere

CMOSIS 
evaluation board

PC

Light baffle

20s integration
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SET-UP USED

Integrating 
sphere

CMOSIS 
evaluation board

PC

20s integration

Light baffle

1.3s integration
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HOW TO ESTIMATE THE GAIN
stot2 = const + k(Stot - Soff)

Te
m

po
ra

l n
oi

se
2  (

D
N

2 )

P R E L I M
 I N

 A R Y

Concave 1
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HOW TO ESTIMATE THE RON
stot2 = const + k(Stot - Soff)

2.15 DNP R E L I M
 I N

 A R Y

Concave 1
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HOW TO ESTIMATE THE RON
stot2 = const + k(Stot - Soff)

2.15 DN sr = 1.99 DN 
@ 0.0002s 

Using equivalent 
plot  from  dark 
exposures:

P R E L I M
 I N

 A R Y

Concave 1
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EXAMPLE RESULTS: RON  MAP 
COMPARISON

# e- # e-
concave 1 flat sensor

RON = 10 e- RON = 11 e-

VERY SIMILAR PERFORMANCES

P R E L I M
 I N

 A R Y

P R E L I M
 I N

 A R Y
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RESULTS FOR ALL OF THEM

P R E L I M
 I N

 A R Y

	

	 Radius	(mm)	 Bias	(e-)	 Dark	current	

(e-/s)	

Gain	(DN/e-)	 RON	(e-)	 Saturation	(DN)	 Dynamic	range	

(dB)	

Flat	 no	 605.7±23.4	 249.6±1.9	 0.220±0.003	 11	 4095	 64.74	
Concave	1	 150	 623.0	+-24.0	 310.0+3.5	 0.200	±0.002	 10	 4095	 66.26	
Convex	x3y2	 280	 644.0±25.3	 330.0±4.2	 0.214±0.003	 9	 4095	 66.61	
Convex	x4y2	 280	 600.9±24.4	 194.3±0.8	 0.210±0.002	 10	 4095	 66.03	
Concave	x2y3	 150	 608.4±23.2	 199.4±0.9	 0.190±0.002	 10	 3951	 66.48	
Concave	x2y4	 170	 	 	 	 	 	 	
	 Flat	 Concave	1	 Convex	x3y2	 Convex	x4y2	 Concave	x2y3	 Concave	x2y4	 	

Radius	(mm)	 no	 150	 280	 280	 150	 170	 	
Bias	(e-)	 605.7±23.4	 623.0	+-24.0	 644.0±25.3	 600.9±24.4	 608.4±23.2	 	 	
Dark	current	(e-/s)	 249.6±1.9	 310.0+3.5	 330.0±4.2	 194.3±0.8	 199.4±0.9	 	 	
Gain	(DN/e-)	 0.220±0.003	 0.200	±0.002	 0.214±0.003	 0.210±0.002	 0.190±0.002	 	 	
RON	(e-)	 11	 10	 9	 10	 10	 	 	
Saturation	(DN)	 4095	 4095	 4095	 4095	 3951	 	 	
Dynamic	range	(dB)	 64.74	 66.26	 66.61	 66.03	 66.48	 	 	

Noticed that:
many  saturated  columns  and  fixed  specific  2D 
pattern for high exposure time
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CONCLUSIONS AND NEXT STEPS

• Process  for  industrial  manufacturing  of  curved 
detectors is moving forward

• Possible  developments toward tunable radius of 
curvature

• Demonstrate  their  potential  in  wide  field 
astronomy (MESSIER,  …)

Curved  detectors  have  similar  characteristics  to 
the flat ones (noise, gain, dynamic range, …)

NO CLEAR PERFORMANCE DEGRADATION IN THE 
CURVING PROCESS
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THANK YOU!


