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ABSTRACT   

The ESA M-size mission PLATO (PLAnetary Transits and Oscillation of stars) is scheduled for launch in 2026. During 

its 4-year mission orbiting Sun-Earth L2 is aimed at the discovery of exo-planets in nearby star systems. Its 26 cameras 

will be looking toward deep space, covering a wide area of the sky. Each camera is based on a fully dioptric design. Each 

camera is composed of a telescope optical unit (TOU) and a focal plane array (FPA). Here the procedure for the 

characterization of the best imaging plane (BIP) for each TOU is described. Camera manufacturing activity faces the 

challenge, by design, of locating the BIP for each TOU with high precision (±30 μm). Strict tolerances for 

accommodating the FPA are in fact in place in terms of inter-distances with respect to the mechanical mounts and tilts. 

Localization of the BIP will be carried out by mathematical optimization of the enclosed energy performances that will 

be evaluated at a pre-defined set of 45 field positions. Given the relatively big field-of-view of each camera (1037 deg2 

for 24 normal-type and 610 deg2 for the 2 fast-type), this poses a challenge for a single service detector. Instead, an 

approach based on stitching single views of a smaller active area detector will be carried out. To circumvent performance 

limitations of detectors, for example, image degradation due to finite-size pixel sampling, dithering will be performed by 

leveraging a very precise mechanical positioner (hexapods) on which the detector is mounted.    

Keywords: PLATO, asteroseismology, focal plane array, metrology 

 

1. INTRODUCTION  

Since 2006 with the French Space Agency mission, CoRoT, aimed at exoplanets research, the transit photometry method 

has been demonstrated [1-3] as the most effective way to reveal exoplanets being so far away that they are not directly 

detectable. In fact, despite its simplicity, most known exoplanets have been discovered using the variation of the light 

collected from a target star when a planet passes between the star and its observer, i.e. the transit method. With this 

method, thousands of exoplanets have been found [4,5] and the diversity and structure of exoplanetary systems have 

been confirmed by more than a decade of space missions, [6].  

ESA confirmed the contribution to this captivating research with PLAnetary Transits and Oscillations of stars (PLATO) 

foreseen in 2026 [7]. The target of the PLATO Mission [8-10], in addition to new exoplanets discovery, is the precise 

characterization of the planet’s host star, including its structure and age. To do so, 26 cameras have been carefully 

designed and are to be equipped of the Telescope Optical Unit (TOU) optical payload currently under production and 

commissioning in Leonardo Spa. The compliance with the goals of performance requires precise characterization of all 

the optical elements in the TOU, as well as its ensemble.  

This paper describes a robust and accurate procedure for the Best Image Plane localization. A detailed description of the 

Ground Support Equipment (GSE) used to simulate operating conditions is provided in Section 2 as well as the methods, 

including the field exploration, the best focus algorithm, and the MTF mathematical model. Results and Conclusions are 

reported in Section 3, and conclusions in Section 4, respectively.  

2. METHODS 

To simulate operating conditions, the TOU is installed in a thermo-vacuum chamber (TVC; Criotec, Italy) that is capable 

of reaching high vacuum conditions (10-10mbar). Ground support equipment (GSE) is then divided in a part outside and 

one inside the TVC. Outside the TVC, a focal length f=1650 mm, f number f#=11 collimator shines the light from a EX-
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99fc light source (Energetiq, USA), spatially filtered by a 10 μm pinhole, as a highly collimated (mean divergence: +/- 

1.5 arc seconds) beam onto a glass window mounted on the door of the TVC. Through this window optical access the 

light then shines on the optical window of the TOU, which is mounted inside the TVC on a 2 degrees-of-freedom 

(azimuth/elevation) positioner system (the Gimbal) and is enclosed in a custom made thermal GSE used to radiative cool 

the TOU at operating conditions during tests. 

 

Figure 1 Schematics representation of the PLATO TOU test setup. 

The TGSE works by a combination of liquid nitrogen piping and closed loop heaters. PT100 thermistors are also 

mounted on the TOU structure to verify the temperature set point conditions for test are reached. A L6s model 

mechanical shutter (Vincent & associates, USA) is used between the source and the pinhole to shut the beam in sync 

with the service detector acquisition. The service detector, a full frame KAF 0402 (On-Semiconductor, USA) with 

approximately 5x7 mm active area, is mounted on a 6 degrees-of-freedom positioner (the Hexapod). Gimbal and 

Hexapod together form part of the Zonda system (Symétrie, France). The Zonda system and the detector are thermally 

isolated from the TOU and therefore operated at ambient temperature. A combination of gimbal and hexapod 

movements, while the collimated beam maintains the same orientation, can simulate stars in different fields-of-view; it 

allows acquisitions of the projected spot of the TOU by the stitching of the small service detector images at various 

positions. Three confocal sensors are mounted in a way that is integral to the service detector, forming the detector 

assembly. The scope of the confocal sensors is to measure with high accuracy the position of the service detector active 

area with respect to the mechanical reference frame of the TOU at all the operating temperatures. 

The Hexapod system allows repeatability up to 1.5 μm in the positioning of the service detector. 

2.1 Field exploration 

A total of 45 sub-fields (i.e. sub-FOVs) of the TOU are explored sequentially. Each sub-FOV is at the center of an ideal 

sector of the total FOV of the camera. All sectors have the same area. Different sub-FOVs are explored by rotation the 

TOU with respect to azimuth, elevation angles relative to the direction of the beam exiting the OGSE collimator. The 

service detector (SD) is shifted with a hexapod in the location where the image of the collimator (the point spread 

function, or PSF) is projected. The precise location where the service detector must be placed changes slightly between 

TOU models but on average the plate scale, from design, amounts to 0.833 arcsec / μm, resulting in a maximum 

displacement for the detector of approximately 163 mm between two most extreme fields.  
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Figure 2 Location of the FOV explored in terms of azimuth and elevation of the TOU with respect to the OGSE collimator 

axis. 

Starting from the intensity map of each projected PSF, an algorithm that sums the fraction of each pixel’s intensity 

corresponding to the area within a square shape projected onto the detector’s active area has been developed. The 

algorithm then grows the side of the square, which is centered in the centroid of the image intensity, from 0 to 126 μm in 

steps of 1.8 μm. The centroid of the image is computed as an intensity-weighted average of the row and column index of 

each pixel and ideally identifies the center of the projected PSF. 

2.2 Model of the MTF for the test system 

A simple description of the TOU imaging system, consisting of optics, detector and platform, can be seen as a filter 

between an input wavefront and an output.  

In this picture, the knowledge of the Optical Transfer Function (OTF) plays a key role in the theoretical evaluation of the 

system. Whilst the OTF analysis is not strictly applicable to electro-optical imaging systems, for example noise and 

digitalization violates the one-to-one mapping requirement, the following model to describe how the system respond to 

spatial frequencies is typically implemented [11] by treating the system as quasi-linear and space invariant over a 

restricted operating isoplanatic regions. 

The analysis is further simplified considering incoherent illumination source, so incoming light can be described as a 

spatial distribution of real-valued intensity. The OTF is always positive valued and reduces to the MTF.  

Furthermore, we assume that all the mathematical properties such as function integrability, finite discontinuity, etc., 

needed for Fourier analysis are assumed satisfied [12]. These are almost all automatically given in physical phenomena 

and wavefront propagation through an imaging system is not an exception. Hence, the knowledge of the MTF of all the 

components, i.e. optics, detector and reasonable vibration of the platform, provides a good description on the 

performance measured during the test campaign.   

While the PSF and the associated MTF can be uniquely defined by knowing the optical design and the wavefront input, 

the determination of the detector MTF is not straightforward. An experimental estimate of the detector MTF is shown in 

Figure 3, keeping in mind that an accurate measurement of the detector MTF requires a dedicated setup and specific 

techniques going beyond our scope [13-17]. However, the response of the detector can be simulated from the pixel 

response function (PRF) and electronic properties by a well-known mathematical modelling approach [11,12] in the 

Fourier domain.  

The optical system is described by local  anti-transforming PSFs from different sub-FOVs within which the 

system is assumed space-invariant. 
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For each FOV the local MTF of the system is factorized in different cascade contributors starting from the optical MTF 

and detector ideal MTF0 derived directly from the px size and assuming gate response function.  

 

To simplify the analysis, we consider the TOU axial symmetric, the optical MTF is well approximated by one dimension 

function, . The coordinate reference system is set such that the z axis is normal to the active area of the sensor 

and the x (y) axis is oriented along the horizontal (vertical) direction of the CCD. 

It is important to note that, whilst the detector MTF can be characterized by a function separable in Cartesian coordinates 

[x,y] and the Optical PSF can be described by polar coordinates [r, θ], we assume that the error associated with the 

separability in Cartesian coordinates of the optical PSF is small. Hence, the ideal system MTF is: 

 

The starting point of the model is the local   derived from the inverse Fourier transform of the TOU PSF 

provided by ray tracing software, such as Zemax, and the as-built optical model of the TOU PFM/FM. The nominal FOV 

is divided into 45 equivalent sub-FOVs [18], i.e. equal subtended solid angle. Within the corresponding isoplanatic 

region, the optical system is fully described by the PSF. 

We have checked that within our level of aberrations of the TOU, Huygens, FFT or geometric algorithms provide 

comparable results in terms of performance analysis. The sampling conditions and window have been set to ensure both 

good representations of the effective bandlimited input signal and fast computation.    

The ideal  of the detector is provided by the nominal pixel size (1px = 9 µm) along the x and y direction, as 

shown in the formula below, from which we assume an ideal response (rectangular/gate function) in the space domain, 

whose Fourier transform is: 

 

(a rectangular/gate function), where  and  are the pixel sizes along the horizontal and vertical direction. This term 

only gives an MTF along one direction equal to around ≈ 0.64 at the Nyquist frequency .   

Platform factors have been added to the cascade model by considering the high-frequency vibrations and random motion, 

i.e. jitter, contributions foreseen during the test whose amplitude is shown in Table 1. 

Separate random degrading factors, along x and y are considered with tunable degrading parameters to best fit the 

simulated MTFSD (Service Detector MTF) with the experimental outcomes. The resulting MTF of the system is:   

 

where the index of the  under investigation runs from j = 1 to 45. 

As a first approximation, the actual MTF is degraded from the ideal case with random contributions modelled with a 

normalized Gaussian degrading curve: 

 

(random degrading). At this point, the values of  (i = x ,y) are kept as free parameters. The attitude of the payload can 

affect the MTF by other separated motion contributions within the integration time , which can be modelled as: 

 

(linear Motion), 

 

(random motion  or jitter), 
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(high frequency sinusoidal motion ), where  and  are the motion velocities along the horizontal and vertical 

direction, the  and  are the Jitter and the high frequency sinusoidal motion amplitude. 

The resulting model of the system MTF is: 

 

Where the bold terms in the formula make up the optical MTF, the simulated MTF of the Service Detector, 

and the payload contributions. This quantity can be experimentally estimated as described below.  

The vibration test has been conducted following the centroid of the PSF on the SD for 250 s or 125 s with different value 

of the integration time of the SD (10 or 20 ms). The variation of the position (RMS) along the columns and rows is 

reported in Table 1when projected onto its rows or columns, respectively. From the occurrences reported as a function of 

the displacement from the mean value, we estimate an averaged amplitude motion between 1.5- 2.0 µm used as a 

parameter in our model. The remaining  free degrading parameters are tuned to best fit the experimental 

measurement shown in Figure 3.  

Experimentally, detector MTF was measured by projecting a 4 mm x 25 μm slit onto the sensitive area through a M=6.5 

magnification optical relay and using a 633 nm led source and thin paper diffuser placed behind the slit. The resulting 25 

μm / M = 3.8 μm wide projection (pixel pitch: 9 μm) of the slit was then shifted along the rows and then along the 

columns of the service detector. Two average of the response of the pixels during sliding, one for each direction, 

represented an approximate line spread function. The real part of their Fourier transform, divided by the MTF of the 

optical relay (from design) and the diffraction limit effect, is used as an estimate of the detector MTF.  

The experimental estimate of the MTF of the detector is affected by uncertainties that stem from the limits in the 

knowledge of the geometrical parameters of the test setup, the optical relay transfer function, the electronic noise in the 

source and detector. Nevertheless the measure was able to catch a certain degree of anisotropy in the sagittal and 

tangential responses and the overall performances of transduction of high spatial frequency that are considerably lower 

than what’s expected by the Nyquist limit given by the pixel pitch. 

The PSF after it is convolved with the simulated response of the system, , is calculated by the inverse 

Fourier transform of the . 

 
 

From the convolved PSF, the Ensquared Energy Fraction ( ) is calculated by the ratio between the Ensquared Energy 

( ) on a defined area, 4px by 4px (36 by 36 µm2), and the total  integrated over a domain of 14 px by 14 px (126 by 

126 µm2) that is much larger than the area where PSF has non zero value. 

2.3 Point spread function data acquisition 

Experimental data consisting of the PSF of 45 fields, 21 sweeps with 10 μm each around the best focus location has been 

acquired on a TOU model at the nominal temperature of the TOU tube of -80°C in vacuum. For each location of the 

service detector with respect to the MRF while acquiring the PSF, the ensquared energy has been computed based on our 

algorithm. 

Dithering has been attempted for a single FOV (on-axis) by moving the service detector at one third of the service 

detector pixel pitch steps (3 μm; 9 positions total) and measuring the EEF at each position. The dispersion of the EEF 

values in a 36x36 µm2 area is a measurement of the effect of dithering for that field.  

Acquired PSFs can be deconvoluted using Matlab’s implementation of the Richardson Lucy algorithm, “deconvblind”. 

An initial estimate of the degrading PSF from our setup is a normalizd 2D gaussian function with 6  support, where 

 is the average along rows, columns of the detector of the RMS of the contribution of the detector MTF and the 

vibration effects.  

2.4 Finding the Best Image Plane 

The best image plane can be found given the EEF performance in the centered 36 x 36 µm2 area ( ) of each 

explored sub-FOV at different distances from the MRF  plane (i.e. during a focusing sweep). Along the sweep 
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direction, each  is then averaged with the points acquired at ±20 μm, obtaining . The result is then used to 

find the plane that minimizes the following cost function:  

 

 

3. RESULTS 

The impact of vibration is a displacement of 1.5 μm RMS (i.e. comparable the hexapod repeatability in positioning) 

along the columns and 2 μm RMS (i.e. slightly above the hexapod repeatability performances) along the rows, estimated 

over the 550 and 1100 acquisitions temporal window, see Table 1. During the test, no effective low frequency drift has 

been detected, the regular structure along the rows suggest a low frequency component while on the columns a jitter 

description appears more accurate. These values have then be used as an input for our modelization of the signal 

degradation due to vibration as a worst case.  

Table 1 Experimental measurement of the impact of the vibration on the displacement of the image centroid across the 

active area (RMS value). 

 Exposure time: 10 ms (over 250 s) Exposure time: 20 ms (over 125s) 

Columns 1.5 μm 1.5 μm 

Rows 2 μm 2 μm 

 

Figure 3 Direct comparison between the measured MTFSD (solid lines and stars) and simulated data (solid lines). Green 

lines shows the MTFSD from an ideal response function (rectangular/gate), blue (red) line correspond to MTF along 

x(y) direction. 

Such very low values of MTF are then reflected in our model into the degradation of the signal (see Figure 3). The effect 

is then compared to the integration area of interest for the computation of the  in Figure 4. 
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Figure 4 EE domain calculus form the orirginal Polychromatic axial Point Spread Function (PSFTOU) of the TOU from 

Zemax as-built (left) (left) and convoluted with the MTF of the detector (right). 

Having performed the dithering, the difference between the highest and the lowest values of  among the 9 dithered 

images of the on-axis FOV is 1%. This agrees with simulation results based on the dithering of the post-convolution 

PSF. 

 

Figure 5 Dithering progression as a succession of sub-pixel pitch displacements of the SD during acquisition. Here  =  

= 3 μm. 

Convergence of the estimation of the BIP could be obtained on the experimental data in both after and before 

deconvolution cases. An example of the cost function optimization at iterations is shown in Figure 6. 

Proc. of SPIE Vol. 12180  121804N-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

Company General Use 

 

Figure 6 Convergence of cost function minimization for determination of BIP based on experimental original data. 

A negligible effect on BIP has been highlighted, after the minimization of the BIP cost function has been carried out on 

both before and after convolution data (Figure 7). 

 

Figure 7 Representation of the  estimated by experimental data (left) and after the deconvolution based on the initial 

guess from our model; the size of the marker is proportional to . 

The differences between the BIP parameters, as the angles it forms with respect to the coordinate axis or the intercept 

along the MRFz direction, are reported in Table 2. 
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Table 2 Differences between BIP fit on original data and data after deconvolution. 

 
Original data After deconvolution 

, deg 0.0111 0.0097 

, deg 0.0014 0.0017 

BIP  coordinate, mm -68.115 -68.111 

 

4. CONCLUSION 

The PLATO (Planetary Transits and Oscillations of stars) mission is to detect terrestrial exoplanets in the habitable zone 

of solar-type stars and characterize their bulk properties. To achieve the needed high optical performance requirements 

of the Telescope Optical Unit (TOU), a precise and repeatable BIP localization method has been developed. 

In this paper, we present the Ground Setup Equipment (GSEs), the algorithms, and the techniques implemented by the 

PLATO mission Consortium during the commissioning campaign ensuring the localization of the Best Image Plane 

(BIP). The Ensquared Energy Fraction (EEF) detected by the Service Detector (SD) has been chosen as the algorithm 

driving parameter for the focus determination. 

The BIP has been found with respect to MRF by means of convergent optimization. The SD Modulation Transfer 

Function has been measured as the vibrations occurring in the TVC. Both the pixel finite size and vibration effects have 

been modeled in the MTF of the system, while a Gaussian degrading fits the experimental data. The convolution with the 

simulated PSF leads to non-negligible effects on the EEF without compromising the accuracy of the BIP localization. 

These results quantify the effects on the BIP localization in a non-ideal TOU testing setup. 
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