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(CHEOPS Overview d-esa
® [nstrument design .
® Spacecraft accommodation Design
® |Instrument Schedule
® Focal plane and CCD
® PSF + pointing jitter + flat field Characteristics
® CHEOPS passband
® Field rotation
® [nstrument operations Operations
® (CHEOPS science data format
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(CHEOPS Payload description &esa

radiator
primary baffle secondary baffle focal plane module \ 4/,
p
internal baffle f .
T
=i,
| | CCD

Incident
Flux

_ primary mirror
secondary mirror telescope structure
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(CHEOPS Payload Description desa

Ritchey-Chretien telescope

30 cm effective aperture
Optical bandpass 330-1 100 nm

Radiators

On-axis carbon fiber structure
Defocused PSF
Payload mass 60 kg

Optics hood

[ e ~— FPM (Inside Optics Hood)

Optical structure

Optical bench
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(CHEOPS  Spacecraft Accommodation @-esa

S/C contractor: ECE-CASA
Total satellite weight: 280 kg

Telemetry: 1.2 Gbit/day (S-band)
Pointing precision: 4”"rms

Fixed
sunshield

Star tracker
optical heads <

Star Trackers
Optical Heads

®

Secondary
Structure
Primary
structure Solar
array
P ——
B
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(CHEOPS

Instrument Schedule
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Jan 17

Feb 17

May 17

Sep 17

2017-2018

Oct |7
|

2016
BEE CHEOPS
Deliveries: EQM Launch

e BCAFM : Instrument Ready

e RADFM EMC FPE"(SS;M : FPP:’SIEM Ready

e STRUCT FM :

e CCDFM BEE Calibration

TEL
FM Starts
BCA: Baffle and Cover Assembly
BEE: Back End Electronics Box
EM: Engineering Model
EMC: Electromagnetic Compatibility Test
EQM: Engineering Qualification Model
FM: Flight Model
FPM: Focal Plane Module
RAD: Radiators
SEM: Sensor Electronics Module
STRUCT:Telescope Structure
TEL:Telescope (Optics + Structure)
s //_—:‘\
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(CHEOPS Focal Plane and CCD {zesa

CHEOPS Field of View: 17'x17'
plate scale: 1 arcsec = 1 pixel
CCD image section = 1024x1024 px

Detector S

200x 200 pixels +—__

6 Overscan
T T 200x200 N Rows
FPA / CCD47-20 AIMO |
E CCD_WIN_TM (200x9) i E
Read-out
- Window
) 4 degrees
1076 x 200 3 Dark
032 degrees Reference
R
Frame transfer CCD CCD_WINDOW_EXPOS (200x200) ows
- p : :
16 Dark Size: X, Y 16 Dark
e2v CCD47-20 AIMO Reference IMAGE SECTION S
Columns 1024(H) x 1024(V) PIXELS Columns
| N /
I =
! N !
P STORAGE SECTION !
Elements - 1024(H) X 1033(V) |
TBC ELEMENTS
Redundant
< 8| 16 1024 16 | 8 <l>—‘
Stabilized @ -40°C to 10 mK A Mode=CCD_FULL (1076x1033) /L
________________ 8Blank |77 8Blank |
Elements Elements
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(CHEOPS Flight detector characterisation completed {=@sa

Flat Fields

1000 nm

Read-out noise [ADU]

sl R i
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H L i
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Image number

Detector read-out noise < 10 e-/px

¥ More in A. Deline’s talk
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Detector non-linearity.

FWC of FM CCD ~132’000 e-/px
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(cHEOPS PSF, pointing jitter and flat field @esa

Jitter effect

Defocused PSF

130 0.012
120 4 001
110 - 0.008
100 -+ 0.006

0 : : = 0.004
? 90% of encircled energy in

r=12 px

80 0.002

70 0
70 80 0 100 110 120 130

o2,

Andrea Fortier \\%ﬂi(e cheops CHEOPS Open Time Workshop: 26-27th July, Schloss Seggau 9



(cHEOPs  PSF, pointing jitter and flat field 4:esa

Defocused PSF to mitigate the noise produced by the combination of
pixel response non-uniformity and pointing precision.

150
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0 50 100 150

1= 10 px
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(CHEOPS Passband and global transmission #:esa
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(cHEOPS Passband and global transmission @esa

Global Transmission as a function of the stellar spectral type.
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(CHEOPS Field Rotation {zesa
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(CHEOPS Field Rotation {cesa

150

100

50

0 50 100 150

‘:Rﬁ’ T

For thermal stability the radiators are always
opposite to the Earth

SR,
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(CHEOPS CHEOPS Data Rate dzesa

SciReq 5.1 Temporal resolution of the measurements (L1)
CHEOPS shall be able to provide one photometric measurement per

minute (goal: one per 30 seconds) in order to characterise the transit light
curves of Neptune-size planets (SciReq 1.2).

In particular, this requirement will enable the ingress and egress phases

to be temporally resolved, which will in turn lift the degeneracy between
the impact parameter and the transit duration.
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(CHEOPS Image types ‘

Image types Description |

" Window image

Selected section of the CCD image. In the nominal case, it

Exposed window contains the exposed target star in its centre. The shape,
size and location in the CCD are configurable parameters.

Section of the dark, blank and overscan columns that are in

LOD gide margina the same CCD stripe of the exposed window.

Section of the dark and overscan rows that correspond to

CCD top margin the exposed window columns.

. Full-frame image: exposed section plus CCD margins
auiicLbimnages (1076x1027 pixels)
Imagette Small window image that contains only the PSF

Full CCD image

Window image

Imagette
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(CHEOPS On-board image processing methods

On-board image processing methods

In STACK mode, individual exposures are COMBINEd into

one single image that is downloaded to the ground. Before
being COMBINEd, each exposure is processed by one or

1 STACK : . . .

more science algorithms. Note that, in general, an imagette of

the PSF is saved and download to the ground for each

individual exposure, before combination.

In SNAP mode, individual exposures (images with an

2 SNAP exposure time f.,) are all saved and downloaded to the
ground.

In DROP mode, individual exposures (images with an
3 DROP exposure time f.,) are used for specific functions (e.g.

centroid generation) but not stored and/or downloaded to the
ground. These images are DISCARDed.

Andrea Fortier
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(CHEOPS Read Out Modes
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CCD Full:
0.001 <Exposure time [s]< 60

I
0C 00 Rows
T
| | cco_win_Tm (200x9) |
Read-out
Window CCD_WIN_RSM (24x200)
1076 x 200 3 Dark IMAGE SECTION
1024(H) x 1024(V) PIXELS
Reference
Rows FPM/ Read out from CCD: 1 x window
CCD_WINDOW_EXPOS (200x200)
. - | FEE 1076 x 1033 elements (read out)
16 Dark 16 Dark ( = 8+16+ +16+8+
Reference . U Reference
Columns D24 D24 P Columns
BN 1
AN B R
J{ Read out from CCD: 2 x window
e STORAGE SECTION first: vertical line dump
Ele:ne(:rsli?r_‘ 1024(H) x 1033(V) FPM/ second:1076 x 200 elements (read out]
TBC ELEMENTS FEE (1076 = 8+16+1024+16+8+4)
third: vertical line dump
Redutndant fourth:1076 x 9 elements (overscan)
8| 16 1024 16 | 8
A Mode=CCD_FULL (1076x1033) /L
8 Blank 8Blank |
Elements Elements

separate 4 x window (by software)
window left side margin(LSM): 24x200 elements

SEM / exposed window: 200x200 pixels
window right side margin(RSM): 28x200 elements
SCU window top margin(TM): 200x9 elements

Read Out complete CCD=5s
Read Out clock= 230 kHz
CCD Window Faint:
|2<Exposure time [s]< 60
Read Out complete CCD= 125

Read Out clock= 100 kHz
Exposure and Read Out in parallel

CCD Window Bright:

| <Exposure time [s]< |2

Read Out complete CCD= | s
Read Out clock= 230 kHz
Exposure and Read Out in parallel

CCD Window Ultrabright:
0.001 <Exposure time [s]< |
Read Out complete CCD= 1 s
Read Out clock= 230 kHz
Read Out after exposure

To DPU

Andrea Fortier
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(CHEOPS CHEOPS Science Data {zesa

Flexibility:

® The target star can be placed anywhere in the CCD
® Window shape: square, rectangle, circle™
® Window size: customisable
® |magette size: customisable
® |magette frequency: one per exposure if tep < 5 s, otherwise stacked to
get one ever)’ 5 S. Combination 2ark | Blank = Dark | Blank Overscan Dark Overscan
® W dOW mar |ns° Right Right Left Left Left Top Top
In g * image mode 16 * X 8*X 16*X 8*X 4*X Y*3 Y * 6 pixel
Py €6 ” pixel pixel pixel pixel | pixel Pixel
Image mOde reduced 3 values | no 3 values |no 3values |Y*3 | 3values
® “reduced mode” mode perrow | data |perrow | data |in total Pixel | per column
Y 99 total 4 4 4
o total Collapse mOde :rc\)(ljlgssed 4values | . . 4values | . . |4values | |4 values

Overscan rows (9

f-_
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(CHEOPS CHEOPS Data dcesa

CHEOPS data baseline model as a function of the exposure time. Minimum
cadence | image/minute.

texp = 30 sec. R texp > 30 sec.

200 x 200 px

4
200 x 200 px

1 image with exposure time texp> 30 sec.
N window images with exposure time texp (in1 min.)

- Apply non-linearity corrections

- Extract imagettes .

- Stack window mages pixel by pixel : Reduced mode
for dark

columns, dark
rows, overscan
rows

critical HK parameters
centroid, etc.

® ® ® Total collapsed mode for overscan columns

Reduced mode
for dark
columns, dark

rows, overscan Cc
Stacked image  rows %d

" © critical HK parameters
= centroid, etc.
Imagettes .
" = &

[ & &

Total collapsed mode for overscan columns

X I J TM (service 13)
DATA POOL
TM (service 13) (HK

DATA POOL
parameters)

(HK

parameters)

TM (service 3) TM (service 3)

Andrea Fortier
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(CHEOPS dcesa

CHEOPS Instrument:

Performance

Andrea Fortier
CHEOPS Instrument Scientist

University of Bern
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(CHEOPS

Science Data
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Ground Station
INTA- Spain

Example:

Target star: V9

tep = 10's

Image cadence: |stacked image/min
Visit duration: 48 hours

Ground Station
INTA- Spain
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(CHEOPS Science Data

read-out & compression .

window 9 SVV.
generation operations Q
/o/ ‘QO'

%

N (o)
Ly 2
e

raw exposures

Margins

Imagettes
g (According to
R e
mode
" “Windowing” (by SEM) For each exposure (by on-board @I @I @’
g SW): .
c , ® Science Data
< ® [magette extraction o "Cri "
- : Science” HK parameters
® Centroid .
- : ® Ciritical HK parameters
o ® Quick photometry
§ E-g}ﬁ- % ® Non-linearity corrections Compression entity
K2 (TBC)
® Science housekeeping
parameters 'S
(temperatures and b
voltages) iE-’
)
= \4

Ground Station

INTA- Spain
MN¥" More in MI.DBeck's talk

Ground Station
INTA- Spain
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(CHEOPS  (Performance) Science Requirements  {=esa

SciReq 1.1

Earth-size planets

G5 dwarfs (T = 5500 K)

6 <V <9

Transit depth = 100 ppm

Photometric precision < 20 ppm in 6 h of integration time

SciReq 1.2

Neptune-size planets
K dwarfs (T = 4500 K)

V <I2
Transit depth = 2500 ppm
Photometric precision < 85 ppm in 3 h of integration time

Andrea Fortier
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(CHEOPS Noise Contributors

Random noises (white noise)
The noise will then decrease as:

. . noise associated to one image
Noise categories § ._ (). ©
‘/?.
number of images

Systematic/correlated noises

« Astronomical/science noise

1. Shot (photon) noise,
2. Sky background (zodiacal light),
3. Cosmic ray effects,

4. Stray light contributions (Earth, Moon, stars; for the moment we consider only the
Earth contribution).

* |nstrument noise

. Jitter + Flat Field (+ Breathing) noise
N @) | se sources — Read-out noise (CCD alone)

Dark current variation with temperature
. CCD gain variability

. Analog electronic stability

1
2
3
4
5
6. Quantum Efficiency variation with temperature
7. Timing error

8. Quantization noise of the FEE

9. Analog chain random noise

1

0. Bad pixels

—
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(CHEOPS Noise Budget {zesa

PSF jitter and flat field

Pointing jitter

’ + Residual FF assuming a Gaussian
j distribution with ¢ = 0.1%

100

| 48 h simulation with
| a jitter time series
rms of 4”.

Noise [ppm]

5 ppm 7

26
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(CHEOPS Instrumental Noises {zesa

Read-out noise: CCD + Analog chain random noise.

If the exposure time is lower than 12 seconds, the read-out frequency is 230 kHz. Otherwise, 100 kHz.

{S 12s - RON =18e™ /px
eXP (> 12s » RON=12¢e7 /px

CCD gain variability with T \
Measurements on the flight CCD show that, for a temperature stability
better than 10 mK, the noise contribution due to gain fluctuations with CCD gain and QE variability
temperature is ~10 ppm. with T are anti-correlated
Quantum efficiency variability with T Mooz on = max(Npams Noz) = 10 ppm
ain, gain’

From measurements, the QE variability with T is ~I ppm/mK.The
temperature stability is better than 10 mK.Therefore, the noise
contribution is ~10 ppm. /

Analog electronics stability:

CCD gain change due to bias voltages, the analog electronics ADC gain
variations in the PSDU input voltages and the analog electronics ADC gain variations

due to variations in temperature.

Nyge <10 ppm

- @05 -
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(CHEOPS Instrumental Noises {zesa

Dark current variation with T: negligible

Timing error: lower than 2 ppm

Quantisation noise: negligible

o ¥f:-\

\ 2
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(CHEOPS

Earth Strayligth
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Orbit dependence

Flux [ph/s/px]

0.1 |

0.01 ¢

0.001 |

0.0001 ‘ : ‘ ‘
0 20 40 60 80 100
time [minutes]

Pointing direction: RA= 8 h 6 min 6 seg and DEC= -31.5%;
date: 4/2/2018, 08:46 h; orbit altitude 700 km

1.0e-03

10e-04 |- { The PST (Point

Loeos | PST | Source Transmission

L oeos | | function) cannot be

| measured in the lab.

| It will be “measured”

| during In-Orbit

| Commissioning and

| monitored with

| dedicated M&C
observations (see R.

| Alonso’s talk).

1.0e-07 |

1.0e-08 |-

1.0e-09 |-

1.0e-10 |

1.0e-11 |

1.0e-12

1.0e-13 |-

1.0e-14

| | | |
0 10 20 30 80 90

Andrea Fortier

Seasonal dependence
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Assumption: SL contamination in the images
can be eliminated with an efficiency better
than 99%.
Noise Budget SL contamination allocation:
® 5 ppm forV=9
® /0 ppm forV=12

\ mD cheops  CHEOPS OpenTime Workshop = O€€ D. Ehrenreich’s talk for sky coverage
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(CHEOPS Noise Budget

Methodology

For the total noise estimation, we assume that all noises are independent, although this may
not strictly apply to all the cases. Independent noises are added in quadrature. Let's N; be

one of the noises mentioned in Sec. 1.3 . The total noise expected after uninterrupted
integration time t is:

Noises are added in quadrature

To calculate the Noise Budget we generated an excel sheet where the individual sources of
noise mentioned in Sec. 2 are considered (RD01). White noises average with time as:

exp
N white

Nyhite =
Jnumber of exposures

where N:,’,‘u’.’te Is the noise per exposure. The white noises per exposure considered here,
exp .
N hite. are the previously defined Ngpor, Ngky. Nron: Nacrn: Naark @nd Ng. CRypise already

includes in its definition the time average.

Systematic noises do not average with time (worst case assumption); their noise values are
independent of the exposure time. These are: Ng;, Nyf4jitters Ngark: Ngain+QE var Nags. and
Nrg.

Finally, to calculate the total error budget, all noises are added in quadrature.

Note that contamination by background stars and stellar noise are not included in the NB.

Andrea Fortier
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(CHEOPS

Noise Budget

Noise Budget calculation [CaseNumber L ©
My star G8) 9 (ST = G8) K5)
Input parameters :
Exposure time [s] 1 10 60
i
Radius PSF 12 px Integration time [h] 6 6 3
Photometric aperture (radius) 30 px Global thrqughput 49% 49% 45%
Read Out Noise (CCD+FEE) 18 e-/px or 12e-/px (CCD+Optics)
Quantisation 16 bits Shot noise [ppm] 2.0 [299] 8.1 [377] 42.8 [574]
Pixel Size 13 um Background (inc. dark) [ppm] 0.2 [24] 0.6 [28] 7.1 [96]
Angular scale 1 arcsec/px Cosmic rays [ppm] 7.0 7.0 9.8
Pixel Full Well Cap. 132000 e- Earth stray light [ppm] 0.3 5.0 69.1
Image Size 200x200 px : Fiat Fiold + Breathi
Operating Temperature 233 K Ejil)t[t:T:] (R A reatning 5 5 5
Detector Temperature Stability 0.01K
Dark Current 0.08 e-/px/s Read out noise (CCD) [ppm] 0.6 [86] 2.9 [136] 15.7 [211]
Flat Field Knowledge 0.1% Dark n —F _
Earth Stray Light ~0.3 e-/px/s’ [p?):n] current variation - noise 0 0 0.3
Zodiacal Light 4.02 e-/px/s cCD Ga biitv + QEF
Detector Gain Variability 10 ppm change [r;l)lsm]varla Y 10 10 10
Detector QE variation with temp. 10 ppm _ _
— Analog electronics stability
Timing error 2 ppm [opm] 10 10 10
Analog electronics stability 10 ppm e > > >
CR parameter C 132 ppm [ingiereniRpm]
Quantization noise [ppm] 01[1.1] 01[1.8] 0.2 [3]
Error time average [ppm] 17.0 19.5 85.0
Andrea Fortier cheops CHEOPS Open Time Workshop: 26-27th July, Schloss Seggau 3]




(CHEOPS Noise Budget
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SciReq 1.1 (G5V, 5500 K)

100 |
— total
— photon

- — stray light

F"_E — instrument

Qo

s

A P L SciReq 1.2 (K5V, 4500 K)

e 100 | T o
10 | — total
< — photon
° 8 2 0 12 = — stray light
V'mag E — instrument
o
=
S u:::::::::::!!Hf'.::'.:'.l.l.l.‘.‘.‘.‘. ‘‘‘‘‘‘‘
10 /
6 8 9 10 12
V mag
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(CHEOPS Very bright stars desa

Read-out mode: Ultrabright

(r .
Exposure time < | s The duty cycle is
Exposure repetition period: texp + |s inefficient

Noise Budget for 6h integration time

PR TOR -T Ik e e Note that the transfer time from

the image section to the storage

section is 25 milliseconds.

Therefore, the shorter the

exposure time, the lower S/N

16.9 ppm between the star and the smearing
trails.

16.8 ppm 17.4 ppm

16.75 ppm

Star Te« = 5500 K

=0
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(CHEOPS Ageing dzesa

Will be monitored during the mission
(see R.Alonso’s talk)

Dark current and bad pixels ™

Dark current @ Beginning of Life: negligible

Dark current @ End of life: could be two orders of
magnitude larger. This can lead to a significant increase in the
noise budget, specially for faint stars.

Bad Pixels: hot, warm and random telegraphic pixels.

Bad pixels could affect more than 10% of the CCD pixels. Bad
pixels that cannot be detected are particularly dangerous.
Undetectable bad pixels could increase the noise budget in 20%.
Detectable bad pixels can be corrected and the quality of the
lightcurve will then depend on the correction method.

| G5 -
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(CHEOPS Ageing dzesa

Will be monitored during the mission
(see R.Alonso’s talk)

Charge Transfer Inefficiency (CTI)

CTI will induce trails in stars. Trails of background stars will rotate in and out
the aperture with the satellite’s orbital period.

Uncorrected CTI effect could lead to a sensitive increase of the noise budget.
Preliminary proposed correction method limits this increase by a factor 4.

The change in the CTI will be monitored during the mission and correction
methods will be studied to reduce its impact.

Andrea Fortier
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(CHEOPS Conclusions d-esa

® The performance science requirements (SciReq. |.| and [.2) are met.
|. Estimated noise budget for bright stars < 20 ppm
2. Estimate noise budget for fainter stars < 85 ppm

® The instrumental noise dominates for bright stars, while the photon noise

(and the straylight contamination)™ dominates (could dominate) for fainter
stars.

® Exposures shorter than | second are possible (down to | millisecond).
Although the duty cycle of this read-out mode is inefficient, it should be
used for very bright stars in order to avoid saturation in the PSF.

® Not surprisingly, the instrument performance (specially the CCD) is
expected to degrade with time. Monitoring and characterisation
observations are planned to follow the evolution closely and to
implement SVV mitigation strategies when possible.

*The straylight contamination of an image depends on the pointing

Andrea Forti ‘@"ﬂ’_\ h CHEOPS O Time Workshop: 26-27th July, Schl S
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(CHEOPS Payload Description

Subsystem Acronym Organization
Instrument Prime CIS UBE
Quter baffle and door BCA CSL
Telescope Structure and Optical Bench OTA UBE
Telescope optical design and optical components TEL INAF
FPA and FEE Radiators RAD ADM
Focal plane, thermal control, and proximity electronics FPM DLR
Sensor electronics module SEM DLR
Backend electronics BEE IWF
DCDC Power converter DCDC IWF (RSA)
Detector CCD ESA
Payload Computer DPU IWF
Science Calibration CAL UGE

CIS System AIT H

Optical Sub-
System

Electrical
Sub-System

Mechanical
Structure &
Bench

Front Door =
&
Mechanism

Door Rel \ H 28V

Arrows
Violet — Thermal straps
Dark red — Optical path
Light blue — Electrical

Spacecraft
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Observation activities

Nominal Science. Acquisition of images for a scientific study.
This activity is the core of a nominal visit. A typical example is
the observation of a star from either the core science
programme (GTO) or guest observers programme (GO).

1 NOM_SCI

Acquisition. Here acquisition refers to target acquisition in the
detector. Once the CIS receives the star map of the targeted
region of the sky and starts the pattern recognition by
comparing it with the field of view, the instrument acquisition
consists in putting the target star at the desired location on the
detector

2 ACQ

Calibration. Sequence of images acquired at the beginning
and (possibly) at the end of each nominal visit for calibration
purposes. Required by, and used as input to, the on-ground
science data processing pipeline.

3 CAL

Monitoring and characterisation. Visits dedicated to on-going
4 M&C characterisation of the instrument and monitoring of the

instrument performance PF~ See R.Alonso’s talk
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(CHEOPS CHEOPS Visit

platform platform uses
TC platform: expecting centroid for
re-pointing centroid fine pointing
v S/C slew manoeuvres v
(NO PITL) S/C operates with PITL
Transition phase
| | (NO PITL) | |
------------- —::—
_ A A A Science sequence _
CIS/SEM in NOM_SCVBRIGHT/STACK time
STABILIZE NOM_SCVFAINT/STACK
mode NOM_SCI/ULTRABRIGHT/STACK
CIS/SEMin  Star map used for CIS/SEM in SCIENCE
SCIENCE pattern matching CCD_Window mode
CCD _FULL with the field of
mode view. Gentroid Calibration
calculation and sequence
delivery to the
platform. CAL/CCD_FULL/SNAP

Pointing
precision and
stability achieved

ACQ/CCD_FULL/DROP

4

START OF THE VISIT M Sece D. Ehrenreich’s talk

- @05 -
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