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Abstract The European Space Agency’s ExoMars Trace Gas Orbiter (TGO) seeks to in-
vestigate the biological or geological origin of trace gases found on Mars. The TGO carries
a payload of four instruments in order to reach its scientific goals, including the Colour
and Stereo Surface Imaging System (CaSSIS). CaSSIS is a colour and stereo telescopic
camera that will be capable of taking high-resolution images of the martian surface. Before
shipment of the instrument for integration onto the TGO, a detailed calibration campaign
was performed, and a number of calibration products were gathered and utilised as part of
the in-flight calibration campaign. This paper presents the results of on-ground calibration
measurements carried out in order to assess the pre-flight performance of CaSSIS. All indi-
cations are that CaSSIS will perform very well on arrival at Mars and will be successful in
reaching its scientific objectives.
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1 Introduction

The Colour and Stereo Surface Imaging System (CaSSIS) is the imaging system of the
ExoMars Trace Gas Orbiter (TGO). CaSSIS will be capable of taking high-resolution stereo
images of the martian surface in four colours from on board the TGO, characterising sites
which have been identified as potential sources of trace gases, investigating dynamic surface
processes, and certifying potential future landing sites (Thomas et al. 2017). Table 1 lists the
nominal parameters used in this work, and those relevant to CaSSIS.

A unique ability of CaSSIS is that the acquisition of quasi-simultaneous stereo images
is made possible by rotation of the camera rotation unit (CRU) between the two images of
a stereo pair. Figure 1 displays the approximate time frame during acquisition of a stereo
image pair. After a small rotation to align with the ground target, the sequence begins with
preparing the image parameter table and the acquisition of image 1. After a small wait, the
rotation mechanism is powered (if not already on) and commanded to turn. Image 2 is then
set up and acquired. Although regular homing of the rotation mechanism will be performed
to calibrate its position, after acquisition of images CaSSIS will not be commanded to rotate
again until the location of the next target is known.

Table 1 Mars, spacecraft, and
nominal CaSSIS-related
parameters

Quantity Nominal/Design value

Orbit 400 km circular, 74◦ inclined

Orbital period 1.966 hours

Mars radius 3394 km

Ground track speed 3.012 km/s

Focal length 880 mm

Aperture diameter 135 mm

Pixel size 10 µm × 10 µm

Angular scale 11.36 µrad/pixel

Boresight angle 10.0◦ ± 0.2◦
Stereo convergence angle 22.39◦
Nominal slant distance to surface 406.92 km

Scale at slant angle 4.62 m/pixel

Nominal image overlap 10%

Detector size 2048 px × 2048 px

Detector area used 2048 px × 1350 px

Field of view of used area 1.33◦ × 0.88◦
Detector operational temperature 0◦C

Pixel readout rate 5 MHz

Bits per pixel 14 (returned as 2 byte integers)

Time between exposures 367 ms

Exposure time 1.0 ms

Binning factors 2 × 2, 4 × 4, 8 × 8

Blue-Green (BLU) filter 435–565 nm

Panchromatic (PAN) filter 550–800 nm

Infrared (RED) filter 790–910 nm

Near infrared (NIR) filter 875–1025 nm
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Fig. 1 Time frame of a CaSSIS
stereo image pair acquisition
(<50 s), including the maximum
ground track velocity of the
spacecraft, and the necessary
rotations of the camera rotation
unit during the acquisition

Fig. 2 The CaSSIS focal plane
assembly, consisting of the
detector with the four colour
filters mounted on top. The filter
on the left of the picture is PAN,
reflecting blue light, and the filter
on the right is BLU, reflecting
red and orange light. In between,
the RED and NIR filters both
reflect all visible light

The nominal telescope pitch angle is 10◦, when planetary curvature is taken into account,
this leads to a stereo convergence angle of 22.4◦, and the time between stereo points from
the nominal orbit is 46.91 s. CaSSIS was set an ambitious requirement to complete a 180◦-
rotation in 15 s. The CRU centre-of-mass is not in the rotation axis of the telescope, and
thus, a rotation by CaSSIS is foreseen to induce a torque and disturb the inertial balance and
pointing of the TGO. A margin, or wait time, therefore immediately follows the rotation of
the telescope in case the TGO’s stability is significantly perturbed, and this will remain a
worst-case estimation until later operations in flight.

The CRU constitutes the bulk of CaSSIS’s mass, and includes the rotation drive and
mounting, the telescope, and the detector. The carbon fibre reinforced plastic (CFRP) tele-
scope is a modified off-axis three-mirror anastigmat (TMA) system with a powered fold-
ing mirror. The detector is a Raytheon Osprey Complementary Metal-Oxide-Semiconductor
(CMOS) hybrid comprising 2048 × 2048 pixels with 10 µm pitch, operating in push-frame
mode with a readout rate of 5 MHz and 14-bit resolution. The focal plane consists of the de-
tector mounted with the filter strip assembly (FSA) comprising four colour (Table 1) filters:
collectively referred to as the focal plane assembly (FPA) (Fig. 2).

A description of the FPA and optical performance can be found in Gambicorti et al.
(2016). The orbit of the TGO will be circular and not sun-synchronous, and hence CaSSIS
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Table 2 The high-level calibration requirements of the CaSSIS instruments

Property Accuracy

RADIOMETRIC Flat Fields (Pixel Response Non-Uniformity) < 0.5%

Linearity ±1%

Absolute Spectral Response < 5% in all filters

Relative Spectral Response < 3% in all filters

Bias Level & Dark Current ±5 Dynamic Number (DN)

Focal Plane Assembly at Optimum Focus ±30 µm

Point Spread Function ±5% (FWHM)

In-Field Stray Light < 0.1%†

GEOMETRIC Distortion < 0.02%

Effective Focal Length & Angular Scale ±0.1%

Rotation Rate of Camera Rotation Unit ±0.1 s‡

Rotation Position Reproducibility < 0.2◦‡

Push-Frame Timing Verification < 1%

†At ambient and in vacuum

‡At operational temperature and in vacuum

will have the unique ability to observe changes on the surface through times of day as well as
martian season. At an altitude of 400 km, CaSSIS will image a 9.4 km-wide swath, ∼40 km
long, and with a surface pixel scale of 4.6 m/px. Factors conducive to the planning of the
calibration campaign and the necessary characterisations are presented.

1.1 Calibration Requirements

As a means for ensuring the achievement of its scientific goals, CaSSIS was subject to the
following calibration requirements (see Table 2).

1.2 Context

In order to assess and correct for various types of noise within the imaging system, to char-
acterise, and therefore optimise the performance of CaSSIS, we have performed a number
of measurements pertaining to the requirements stated in Sect. 1.1. For a complete under-
standing of the long-term performance and ability of the imager several stages of testing are
required:

– On-Ground Calibration. First tests to assess the ability of the instrument to reach its in-
tended objectives, and parameterisation and characterisation of the necessary contributing
components.

– Near-Earth Commissioning. Re-testing of the instrument post-launch, confirming ex-
pected performance, and finalising the working condition of the instrument.

– Mid-Cruise Checkout. To verify the status of the instrument mid-way through the space-
craft’s interplanetary travel.

– Pre-Science/Mars Capture Orbit Phase. To verify the state of the instrument after the
Trace Gas Orbiter (TGO) releases the Entry, Descent and Landing Demonstrator Module
(EDM) on its trajectory towards the martian surface.
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– Science Operations Calibration. Measurements taken at regular intervals, during nominal
science operations, in order to track and update knowledge of the working state of the
instrument.

In this paper we present the first stage of testing: the on-ground performance and calibra-
tion of CaSSIS. The setups are described in Sect. 2. For the results pertaining to these tests
we direct readers to Sect. 3, with the following subsections (see Table 3).

2 Calibration Setup

While at the University of Bern, the hardware was maintained in ISO 51 conditions at all
times. The calibration campaign was carried out in two laboratories. Owing to the extremely
accelerated and compact schedule, tests were staggered and performed in parallel with en-
vironmental testing and verification.

2.1 Laboratories

The CaSSIS laboratory is an ISO 5 clean room with laminar flow system, specially designed
and constructed for calibration testing and the necessary stages of instrument integration
(Fig. 3). In this laboratory tests at ambient temperature were completed, after which CaSSIS
was moved to the CHEOPS laboratory, also ISO 5, for measurements in vacuum, environ-
mental testing, and the final stages of integration.

The following subsection describes the major pieces of hardware utilised during the cal-
ibration campaign.

2.2 Hardware

Displayed in Fig. 4 is a flowchart of the different calibration tests we performed, and the
respective hardware used with CaSSIS.

A major piece of hardware used during the calibration campaign was the optical setup
assembly (Fig. 5). Precision pinhole targets were placed on a motorised 3-axis translation
stage at the focus of an off-axis mirror collimator. Targets were illuminated by a quartz
tungsten-halogen lamp via a monochromator. Placed before the target was a frosted glass
diffuser used to eliminate any focal mismatch between the monochromator and the collima-
tor. The assembly was used for alignment and focus verification. The laser interferometer
was also used as a light source for CaSSIS, as the collimation of its beam could be verified
with a very high certainty, and thus, eliminate uncertainties introduced by what was later
discovered to be the misalignment of the mirror collimator (Sect. 3.4).

We will next detail the procedure and result of each test. For a summary of the results,
we direct readers to Sect. 4.

3 Calibration Procedures and Results

3.1 Flat Fields (Pixel Response Non-uniformity) and Linearity

Although detector sensitivity varies from pixel to pixel it may be corrected for by observing
a uniform extended light source, resulting in a ‘flat-field’ image. The integrating sphere was
used as a light source and placed directly in front of the vacuum chamber housing CaSSIS.

1An ISO 5/Class 100 cleanroom has at most 105 particles/m3 (Roberts 2016).
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Table 3 List of procedures performed, the expected value of each (where available) as given by instrument
design

Property Description Expected

RADIOMETRIC Flat Fields
(PRNU) &
Linearity

For corrections caused by differences
in pixel-to-pixel sensitivity, pixel
response non-uniformity (PRNU),
and to test and confirm a linear
response of signal with increasing
exposure time

1 (signal-to-noise
ratio of 300 requires
pixel-to-pixel
accuracy of at least
0.33%)

Spectral Response
(Relative &
Absolute)

Gives the combined system
efficiency including filter
transmission, telescope transmission,
and detector sensitivity. Measured at
ambient, and operational
temperature, it is important to
determine the correct colour ratio in
observations, the efficiency over
operational wavelength, and the
exact flux from Mars

Filter-dominated
spectrum & > 50%
of input

Bias Levels &
Dark Current

To correct for the pre-set ‘zero’
signal value, electronic noise within
the detector, thermally-generated
noise and its variance over
operational temperature. Measured in
Dynamic Number (DN) or
electrons (e−)

Unknown
[DN or e−]

Focus Verification The process by which the optimal
focal plane position was confirmed

±30 µm from
optimum

PSF Measuring the point spread function
(PSF) response of the system when
observing a point source

< 1.5 pixels

GEOMETRIC Effective Focal
Length & Angular
Scale

Required to determine the scale of
each image

880 mm &
< 5 m/pixel

Rotation Time Performed in order to test run the
mechanical system, ensure the
efficiency of its performance and to
foresee any potential problems

180◦ in ∼15 s

Rotation Axis &
Line of Sight

Characterisation to determine the
camera rotation unit (CRU) rotation
axis, and the telescope line-of-sight
(LOS)

Defined to pass
through centre of
CRU bearing, &
LOS 10◦ from this

Push-Frame
Timing
Verification

The interval time between successive
exposures will be synchronised to the
spacecraft’s ground track velocity.
Confirmation of this repetition
frequency in push-frame mode is
therefore important for successful
overlap and mosaicking of images
post-acquisition

376 ms

Ensuring uniform illumination, the sphere was aligned with CaSSIS and a series of light
images (sphere on) and dark images (sphere off) were acquired (Table 4). Due to the low
flux of the source lamp at blue wavelengths, the signal level in BLU was relatively low. As
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(a) (b)

Fig. 3 The CaSSIS laboratory complete with electrostatic protection. Not pictured is the integrating sphere
and desktop computer. The setup of the CHEOPS laboratory was very similar. (a) 1 + 2: the lens and mirror
collimators; 3: monochromator; 4 + 5: Tungsten-halogen light source and associated flux controller on top
of the optical bench; 6: storage cupboards; 7: vacuum chamber; 8: air lock with the suit-dressing area and
electrostatic safety assessment; 9: lab entrance door; 10: the curtains and ceiling laminar flow. (b) 11: optical
bench; 12: focal plane assembly integration tower; 13: small mirror used for theodolites during alignment;
14: CaSSIS telescope (with focal plane assembly + proximity electronics); 15: 45-degree folding mirror

Fig. 4 Radiometric (green) and geometric (blue) calibration tests, and the necessary hardware that were
required. *The analysis of CaSSIS geometric distortion data is discussed in Tulyakov et al. (2017)

a result, Fig. 6 shows the resulting stacked flat-field image acquired in ambient conditions,
but with all filters individually stretched for visualisation of a number of defects. Statisti-
cal values relating to the image and the respective filters are presented in Table 5. Unless
otherwise given, from here on, values of signal are given in raw Dynamic Number (DN).

Figure 7 displays the acquired y-profile of the flat-field image (black). This plot also in-
cludes the additional profiles of each filter individually stretched to approximately the same
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Fig. 5 The Optical Setup
Assembly (isometric view) with
the path of collimated light (dark
blue) to CaSSIS. 1: quartz
tungsten-halogen lamp;
2: focusing mirror;
3: monochromator; 4: focusing
monochromator-pinhole
assembly; 5: pinhole tower and
X-Y-Z translation stage;
6: breadboard ground plate;
7: off-axis parabola (mirror
collimator); 8: breadboard
pedestal

Table 4 ‘Dark’ frames, and
‘illuminated’ frames taken with
the integrating sphere ON, for
flat-field testing. Lamp setting
5 A, and luminance 632.5 fL

Type Detector temp (◦C) Exposure time (ms) No. of exposures

Illuminated 23.45 16.8 25

Dark 23.45 16.8 25

Fig. 6 A 4-window stacked flat-field image of 25 exposures acquired in ambient conditions and corrected
with dark frames. Displays no detectable vignetting. The signal in all filters has been individually increased
for visualisation of defects and features, with the most notable annotated in yellow. Note the two shadows of
dust on the PAN and NIR filters

intensity (dashed grey), illustrating an early observation of electronic cross talk from the NIR
to the BLU filter when close to saturation (∼15000 DN). Although the detector will never
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Table 5 Statistics relating to the
filter windows in the flat-field
image. We note the relatively
high number of outliers in the top
half of the detector, n is the
number of pixels used, the signal
is measured in Dynamic Number
(DN), and where minor and
major outliers are defined to be
pixel values which fall more than
1.5× (or 3.0×, respectively) the
interquartile range above the third
quartile or below the first quartile

Statistic PAN RED NIR BLU

No. of pixels used 603865 601818 599771 614100

Max pixel value [DN] 6587.52 4791.16 6727.48 1940.68

Min pixel value [DN] 3.68 1625.12 1225.48 −54.48

Mean pixel value [DN] 5500.62 4460.87 5962.69 656.37

Stan. Dev. [DN] 82.30 72.56 94.28 29.31

Variance [DN2] 6772.84 5264.79 8889.54 859.07

Minor Outliers [%] 2.44 1.86 4.83 7.49

Major Outliers [%] 0.44 0.50 1.67 0.98

Fig. 7 Flat-field profile of signal
in Dynamic Number verses
detector y-pixels (black). The
result is a satisfactorily flat
profile, despite the small number
of noted artefacts (e.g. the dust
particle visible at the left edge of
the NIR profile). The plot also
includes the profile of each of the
filters, individually stretched
(dashed grey), in order to identify
other features

be close to saturation and the dust particles were likely removed during the cleaning process
before packing-up CaSSIS for spacecraft integration, the noted features and cross-talk effect
were taken into account when defining the default window coordinates (Table 8) for nomi-
nal operations around Mars to mitigate this. Figure 8 displays the corresponding histogram
of pixel values with all four filters showing a Gaussian distribution—a small exception is
apparent for the BLU filter wherein there is a subtle double peak of the distribution. The
trough between them is very small at 0.62% of the main peak, and the double contribution
is due to incident photons and those involved in cross talk from the NIR. The relatively high
number of outliers seen in the top half of the detector was expected and is caused by the
large numbers of cold and warm pixels in this area of the detector.

To test and confirm the linearity between increasing exposure time and signal, the cor-
responding data is displayed in Fig. 9. It displays the mean pixel value registered over the
fully-illuminated area of each filter, after removal of the dark frame, as a function of expo-
sure time, and characterised by the Pearson product-moment correlation coefficient (PCC).
The data displayed do not include a measure of background light as this was negligible. The
coefficients, which represent the strength of the linear relationship between exposure time
and signal, were calculated with a confidence level of 99.9% (3.3σ ):

0.99976 ≤ PCC(PAN) ≤ 1.00000
0.99992 ≤ PCC(RED) ≤ 1.00000
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Fig. 8 Histogram of Fig. 6
displaying the Gaussian
distribution of pixel signal values
in Dynamic Number through all
filters, with a subtle double peak
for the BLU (incident photons +
cross talk from NIR), although
the trough between them is very
small at 0.62% of the main peak.
Also visible are contributions
from dead, cold, warm, and hot
pixels (DP, CP, WP, HP
respectively)

Fig. 9 Linearity of the detector,
characterised by the Pearson
product-moment correlation
coefficient (PCC). Saturation
begins to occur at ∼15000 DN
(Dynamic Number)

0.99976 ≤ PCC(NIR) ≤ 0.99999
0.96762 ≤ PCC(BLU) ≤ 0.99949

3.2 Spectral Response

The relative spectral calibration procedure uses the mirror collimator setup with a 1 mm-
diameter pinhole illuminated by monochromatic light through a piece of frosted glass
(Sect. 2.2). This setup was accurately re-calibrated shortly before the beginning of the
CaSSIS calibration campaign and its accuracy was verified again during calibration oper-
ations at a spectral resolution of 1 nm. The setup was set to obtain a full-width at half-
maximum (FWHM) of 5 nm for the transmitted bandpass. An absolute detector was also
installed on the optical bench to control the amount of light reaching the instrument. The
spectral responsivity of CaSSIS was derived from the ratio between the signal measured by
CaSSIS and the signal measured simultaneously by the absolute detector, after correction of
the spectral effect of the frosted glass and all mirrors between the pinhole and CaSSIS. In
the case of measurements performed within the thermal vacuum chamber, the transmission
of its glass window was also taken into account.
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Fig. 10 Comparison of the
relative spectral response through
all four filters of CaSSIS,
modelled from characterisations
of the individual components by
manufacturers (lines with
coloured transparent
backgrounds), measured at
ambient conditions in the CaSSIS
laboratory (dashed lines), and
measured in vacuum with the
detector and optics at operational
temperature (0◦C) during
environmental testing
(diamonds). See mainbody text
for detailed descriptions of the
similarities and discrepancies
between these curves

The global spectral responsivity of CaSSIS is the result of the convolution of three dif-
ferent spectral parameters:

– The quantum efficiency of the CMOS detector
– The spectral reflectivity of the four mirrors that compose the telescope
– The spectral transmission of each of the four colour filters

Measured spectral curves for all these parameters have been provided by the respective
manufacturers of the components, over the 400 nm–1100 nm spectral range and with a reso-
lution of 1 nm. From this information, we have produced a model of the absolute and relative
spectral responsivity of CaSSIS through all filters (Thomas et al. 2017). This model is used
to calculate operational parameters such as optimal exposure time and for scientific analysis
such as convolution of mineral spectra to produce synthetic CaSSIS colour images (Torn-
abene et al. 2016, 2017). The purpose of this procedure was to measure in the laboratory the
relative spectral response of the instrument within each filter, in order to validate the model.

We have measured the relative spectral response of CaSSIS twice and in all four filters:
the first time at ambient conditions in the CaSSIS laboratory with the detector at a tempera-
ture of 20◦C, and a second time in the thermal vacuum chamber of the CHEOPS laboratory,
under vacuum and with the detector operating at its nominal operation temperature of 0◦C.
In the CaSSIS laboratory, both the image acquisition and calibration setup could be con-
trolled from a single script, fully automated. We were thus able to acquire measurements
with a constant spectral sampling of 5 nm over the 360 nm–1100 nm spectral range. Dur-
ing environmental testing in the CHEOPS laboratory, this time using the flight electronics
and software, the image acquisition could not be interfaced with the control of the calibra-
tion setup and all operations had to be performed manually. We therefore limited the spectral
sampling to 20 nm over most of the spectral range with increased spectral sampling at 10 nm
for selected regions of the BLU and NIR filters, where fast changes of transmission were
expected.

The measurements from both laboratories and the comparison with the model built from
characterisations of individual components by the manufacturers are presented in Fig. 10.
There is good agreement overall between the two sets of measurements, as well as good
consistency between the measurements and the model. Minor differences are still noticeable
in the slope of the relative spectral response curves at short wavelengths in the BLU filter,
the short wavelength side of the PAN filter, and at the shoulder around 1000 nm in NIR.
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Table 6 Coefficients for the conversion of instrument signal in Dynamic Number (DN) to reflectance factor:
π.I/F . These coefficients are provided for an average heliocentric distance of 1.52 AU and an exposure time
of 1 s

Filter BLU PAN RED NIR

Coefficient 6.0751098e-08 3.0182668e-08 7.9275380e-08 7.7820115e-08

The larger discrepancy observed at approximately 650 nm in the middle of PAN on data ac-
quired in the CHEOPS laboratory could be traced to an issue related to a change of grating
in the monochromator and hence may be ignored. We do not see any obvious and consistent
change in the spectral response between data acquired with the detector at different tem-
peratures. For each filter, the cut-offs are observed at the expected wavelengths. The other
residual differences will constitute the remaining uncertainties on the spectral calibration of
the instrument.

These measurements validate our model for the relative spectral response of the instru-
ment and give us confidence that the colour ratios derived from CaSSIS images of the mar-
tian surface will be accurate, and will correspond to the intended spectral bands initially
chosen. From this model, the conversion factors for the computation of surface reflectance
factor π.I/F from instrument signal in Dynamic Number (DN) can be derived (Table 6).

Although the relative spectral response of the instrument could be accurately measured,
the absolute response could not be well characterised in the laboratory. In particular, we
assume a gain value of 7.17 e−-/DN (Sect. 3.3) but this value could not be verified exper-
imentally. A change in the value of gain would affect the conversion coefficients for all
four filters equally. Observations of reference photometric stars in-flight (Sect. 5) will be
performed to refine the value of gain and hence the coefficients provided in Table 6.

3.3 Bias Levels and Dark Current

To characterise the level of thermally-generated electron-hole pairs in the depletion region of
the detector, CaSSIS was placed inside a thermal vacuum chamber in complete darkness, and
maintained at the nominal 0◦C. These tests were performed to ensure accurate radiometric
calibration of CaSSIS, and the stability of the dark current and bias level of the detector.
This kind of characterisation was particularly important for the CaSSIS and SYMBIO-SYS
instruments (CaSSIS’s detector being the HRIC flight spare of BepiColoumbo’s SYMBIO-
SYS instrument) and triggered a thorough investigation.

A series of images with increasing exposure times were taken and the two PT1000 sen-
sors which record the detector’s temperature were monitored. The detector temperature re-
mained stable over the several hours of operations required for the bias and dark current
testing. Measurements were conducted in two groups: SHORT (0.4 µs–5 ms) and LONG

(10 ms–10 s), and Table 7 displays information relating to the acquisitions.
Introduced in Figs. 11–12 are the ‘control windows’: TCW (top control window) and

LCW (lower control window). These are small 128 px–10 px windows, situated underneath
the non-transmissive area of the filter strip assembly, and were implemented to monitor dark
current and its evolution over the operational lifetime. For this reason, these windows were
repeatedly acquired along with PAN, RED, NIR, and BLU during testing in operational
conditions. The default coordinates for each window are listed in Table 8.

Table 9 shows a comparison of readout noise between dark images taken in vacuum
at 0.89◦C, and illuminated images taken at ambient pressure and 23.45◦C. These values
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Table 7 The selected exposure
times with the corresponding
repetition frequency for bias and
dark current testing. Acquisition
of the data was split into two,
named SHORT and LONG for ease
of reference

Exposure time
(ms)

Repetition frequency
(ms)

No. of exposures

SHORT 0.0004 600 5

0.0096 600 5

0.0480 600 5

0.0960 600 5

0.2016 600 5

0.4992 600 5

0.9984 600 5

1.4980 600 5

1.9970 600 5

4.9920 600 5

LONG 9.60 600 5

20.16 600 5

49.92 650 5

99.84 700 5

199.70 800 5

499.20 1100 5

1000.00 1600 5

2000.00 2600 5

5000.00 5600 5

10000.00 10600 5

(a) (b)

Fig. 11 A 6-window CaSSIS image showing the bias level of the detector in an exposure of 0.4 µs. We note
that due to an internal cut-off in the proximity electronics, if a 0 s exposure is commanded this results in a
minimum-possible exposure of: 0.4 µs when the readout frequency is 5 MHz; 0.8 µs when set to 2.5 MHz;
and, 1.6 µs when set to 1.25 MHz. (a) Full bias frame of CaSSIS acquired with 6 windows, and the names
and coordinates of each overlaid for quick reference. (b) Full bias frame of CaSSIS acquired with 6 windows
commanded (Table 8). Black areas are non-exposed sections of the detector, under a non-transmissive mask
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Fig. 12 A 6-window (Table 8)
CaSSIS image displaying the
dark current present in the
detector at an exposure time of
10 s. Black areas are
non-exposed sections of the
detector, under a
non-transmissive mask. The
diagonal line defect across the
PAN filter becomes strikingly
apparent due to saturation, as do
areas of hot pixels. A similar, but
shorter, line is also seen on the
left of the RED filter. The
vertical line through the left of
the BLU filter is also a defect of
the detector

Table 8 The defined default
window coordinates of the six
possible windows able to be
commanded by the software.
Stated values of x and y are
[inclusive, inclusive]

Window x0 x1 y0 y1

TCW 1280 1407 200 209

BLU 0 2047 1409 1664

NIR 0 2047 1048 1303

RED 0 2047 712 967

PAN 0 2047 354 633

LCW 640 767 1850 1859

Table 9 A comparison of the detector readout noise (measured in Dynamic Number and electrons), calcu-
lated from dark-frame data taken in flight conditions, and illuminated frames taken in ambient conditions.
The e−/DN conversion factor used was 7.17

Type Environment Exposure time
(ms)

Detector temp
(◦C)

Readout noise

(DN) (e−)

Dark Vacuum 1.00 0.89 7.44 53.34

Illuminated Air 1.20 23.45 8.57 61.45

were calculated by selecting two rows each across all four filters. Starting from x = 3, the
pixel value every 8 pixels was recorded, giving 256 values per line, and therefore, 2048
pixel-values in total and representing an evenly-distributed sample of pixels. Tracking their
values over 5 consecutive exposures, this resulted in a mean standard deviation value for
both the dark and illuminated sets of data to be 7.44 DN (52.82 e−) and 8.57 DN (60.84 e−),
respectively.

The dark current plot, featuring the bias level, for exposure times of 0.4 µs–5 ms is pre-
sented in Fig. 13. Each coloured cross is the mean value of 10 exposures for that exposure
time, and inside the defined window. The 1st and 2nd data points, taken at 0.4 µs and 9.6 µs,
do not reach the bias level of the detector. To-date this is the only occurrence of such low sig-
nal levels, and they were recognised as one-off glitches resulting from the different versions
of flight software running on the instrument and the electronics ground support equipment
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Fig. 13 Dark current and
detector bias level for exposure
times of 0.4 µs–5 ms. The
majority of the data display a flat
trend at the expected bias level
(3795 DN)

Fig. 14 Dark current and
detector bias level for exposure
times of 9.6 ms–10 s, displaying
some unexpected behaviour

at the time of acquisition. The 3rd and 4th data points, taken at 48 µs and 96 µs, display a
small peak of ∼5 DN above the detector bias level.

The data from 0.2 ms–5 ms are linear and display an almost flat trend at the expected bias
(Fig. 13). For the SHORT dark current measurements (Fig. 13) the mean value is 557 DN/s
(3955 e−/s), with a detector bias level of 3794.62 DN (26942 e−) at 0◦C.

Figure 14 displays the dark current for exposure times of 9.6 ms–10 s, where each
coloured cross is the mean value of 10 exposures for that exposure time, and inside the
defined window. It is clear that other sources of noise within the detector become apparent
at larger exposure times. The 1st, 2nd, 3rd and 4th data points (taken at 9.6 ms, 20 ms, 50 ms,
and 100 ms, respectively) display unexpected behaviour. The data from 200 ms–10 s display
a linear trend. Despite a large increase in bias level (∼1000 DN) with increasing exposure
time, the mean dark current remains at a similar level. At 0◦C, we calculate a dark current of
587 DN/s (4168 e−/s) but with a significantly higher bias level of 4727.78 DN (33567 e−)
which triggered further investigation.

Interestingly, for acquisitions at 2000 ms for example, the signal difference between the
1st and 5th exposure decreases by as much as 2000 DN (Figs. 15–16). This effect is true
for acquisitions above exposure times of 9.6 ms wherein the acquired charge at the first
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Fig. 15 Shows the signal pattern
(in Dynamic Number) of image
acquisitions for both sets of
LONG data, as a function of time
from the beginning of the test
sequence. Five exposures were
taken at each exposure time, and
it appears to take 3–5 exposures
before the signal stabilises

Fig. 16 For the 1st and 5th
exposure, this figure displays the
mean framelet signal in Dynamic
Number as a function of
exposure time, and the difference
in linearity between the 1st and
5th exposures

exposure is significantly high, and, reduces considerably by the third. This suggested that at
least three exposures are required in order for the signal to be appropriately stable, and has
since been confirmed with in-flight data. The exact cause of this effect is the subject of an
on-going investigation.

During nominal operation, exposure times will be in the range 0.7–3.5 ms and well within
the detector’s optimal range. We therefore expect no negative impact on the imaging perfor-
mance of CaSSIS. It is however of note for observations of star fields during commissioning
and in-flight calibration, when long exposures are required, and hence, close attention will
need to be paid to future data. If the behaviour is not dealt with adequately, it may lead to
wrong calibration of the instrument, and hence, the tracking of and analysis of data display-
ing this behaviour are crucial for the CaSSIS and SYMBIO-SYS instruments.

The nominal gain, G, of the CaSSIS system was calculated as follows (Janesick 2001):

G = 90308 e−

(214 − 1) − 3795 DN
= 7.17 e−/DN (3.1)

Where 90308 e− is the pixel full-well value given by the manufacturer, 214 is the ADC max
pixel value, and 3795 DN is the mean bias level of the detector.
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Fig. 17 An example of results from a through focus analysis performed on the 14th of August 2014, close to
the centre of the field of view. The x-axis of the plot shows the position of the pinhole along the z-direction
(through-focus). Values of the full-width at half-maximum (FWHM) of the imaged pinhole in the vertical and
horizontal directions are plotted in pixels (px), as well as their average. Each curve is fitted by a third-degree
polynomial. The difference between the FWHM along the x- and y-direction is due to the strong astigmatism
of the mirror collimator setup

3.4 Focus Verification and Point Spread Function

One of the most critical integration operations performed at the University of Bern was the
installation of the FPA (Fig. 2) at a precise position to guarantee an unobstructed field of
view and an optimal focus at infinity over the entire area of the detector (Gambicorti et al.
2016). The FPA was fixed onto the telescope by three screws equipped with shims, the thick-
nesses of which were adjusted to set the distance between the surface of the detector and the
telescope. By design, the modified TMA telescope does not have a focal plane but a curved,
parabolic focal surface. In addition, imperfections in the shape of the mirrors also affect
the focal surface, as shown by interferometric measurements performed at RUAG Space
(the Space division of the technology group Rüstungs Unternehmen Aktiengesellschaft) on
reflective spheres installed on a plate used as a dummy FPA. The optimal position of the
detector relative to the focal surface was chosen based on those results in order to optimise
the size of the point spread function (PSF) in the PAN, RED, and NIR filters. The BLU filter
was not considered in this optimisation as it was known that the shape and size of the PSF is
degraded by the optical performance on this area of the detector (Table 5). In addition, the
signal in BLU is expected to be low, and 2 × 2-pixel binning will be used by default. Thus,
a small PSF in the BLU filter was not considered to be of high importance.

So-called ‘through-focus’ sequences were performed automatically by moving the 10 µm
pinhole step by step along the z-direction, and acquiring an image with CaSSIS at each step.
From the very first through-focus measurements, performed with the collimator checking
the focus with initial (‘nominal’) shims, it was apparent that the mirror collimator suffered
from astigmatism, seemingly caused by an incorrect alignment of the parabolic mirror in
its mounting. Figure 17 shows the result of one of these measurement sequences. At each
z position (x-axis of Fig. 17), the x- and y-FWHM (full-width at half-maximum) of the
imaged pinhole were extracted from the result of a 2D Gaussian fit to the image. The re-
sulting FWHM vs. z-position curves were then fitted by third-degree polynomials used to
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Fig. 18 Illustration of the five
positions of the
neutral-density-filter mask used
to attenuate the intensity of the
beam from the laser
interferometer. CaSSIS images
were acquired at each position,
and images at positions B to E
were then stacked

identify the location and value of the minimum FWHM in the x and y directions, and their
average. We see in Fig. 17 that although the widths of the imaged pinhole reach values as
low as 1.2–1.3 pixels in the x- and y-direction, they reach their minimal values at different
positions due to the astigmatism in the system. If we then consider the average of the two
directions the minimum width is 1.44 pixels.

The through-focus procedure was repeated with the pinhole-image at different positions
in the CaSSIS field of view. The results of this ‘PSF mapping’ showed a large variability.
Unfortunately, the astigmatism of the beam was also rather variable within the field of view
of CaSSIS and, as a result, it was very difficult to distinguish features from the instrument
against artefacts due to the misalignment of the collimating parabolic mirror. Although the
results of this mapping show some resemblance to the pattern displayed by interferomet-
ric measurements at RUAG Space, the uncertainties introduced by the misalignment of the
collimator and the resulting risk of a bad focus of the assembled instrument led us to con-
sider an alternative solution to confirm independently the best-focus position of the detector
using a laser interferometer. It was subsequently established that the mounting was putting
tension on the off-axis parabola and producing irregular deformation. Hence the results were
questionable.

The laser interferometer was used as a light source for CaSSIS as the collimation of its
beam could be verified with a very high certainty. The difficulty here was that the relatively
high power of the interferometer required a strong attenuation of the beam. On the grounds
that our solution was improvised, we were not able to speedily procure a large neutral density
(ND) filter that would have been able to contain the entire beam (10.2 cm diameter), and
thus, we had to rely on a square 2 × 2-inch ND filter, optical density 6. We constructed a
mask, blocking the entire beam with the exception of a 5 cm-diameter aperture covered by
the ND filter. This mask was placed successively at five different positions in the beam of
the interferometer, according to the pattern shown in Fig. 18, and images were acquired by
CaSSIS at each position. The four images acquired away from the centre, positions B to E
on Fig. 18, were then stacked to produce a single image.

The imaged target visible on this combined image was then fit with a 2D Gaussian func-
tion and its width calculated with similar methods used for the through-focus analysis. The
procedure was repeated while adjusting the size of the shims to follow the evolution of the
PSF as a function of the position of the detector. The results of this analysis are plotted in
Fig. 19. The FWHM values as a function of shim size were fitted by a second-order polyno-
mial in order to identify the position of the minimum.

The results of this analysis were ultimately found to be consistent within 20 µm of the
previous through-focus results using the mirror collimator. Note that the calculation of the fi-
nal shim-size also takes into account a precompensation for moisture-release in space from
the CFRP structure, as calculated by RUAG Space, and a correction factor to account for



Performance and Calibration of ExoMars Cassis Imager

Fig. 19 Result of the
through-focus analysis using the
laser interferometer. The
full-width at half-maximum of
the imaged target was measured
for six different sets of shims in
order to identify the smallest,
corresponding to the best focus.
The measurement at +175 µm
was also repeated twice in order
to verify repeatability

Fig. 20 Effective Focal Length
(EFL) with respect to the pinhole
position along the optical axis

the fact that our measurements with the interferometer only probe part of the beam enter-
ing CaSSIS. Both corrections were calculated from modelling. The images of the target on
the detector show a PSF (FWHM) in the range of 1.7–1.8 pixels. The slight vibration of
CaSSIS inside the thermal vacuum chamber is known to have caused random movements
of the image on the detector, and hence, this value was taken to be an upper limit. This was
indeed confirmed in flight during Near-Earth Commissioning where the PSF (FWHM) was
calculated to be in the range of 1.2–1.4 pixels (Sect. 5).

3.5 Focal Length and Angular Scale

Following on from Sect. 3.4, the resulting Effective Focal Length (EFL) of the telescope was
estimated by plotting the position of the pinhole-image on the detector as a function of the
actual position of the pinhole, in the plane perpendicular to the optical axis. The obtained
EFL was 879.0 mm (Fig. 20). This result is closer to the nominal EFL than the average of
measurements (871.5 mm) at the focal plane made by RUAG Space. Current estimates from
star-field measurements in flight suggest an EFL of 875.2 mm (Tulyakov and Ivanov (2016),
private communication).
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Fig. 21 CaSSIS during
integration with the thermal
vacuum chamber

Table 10 The commanded
angles of rotation and the
resulting measured angles, with
an uncertainty of ±0.03◦ in
angle. The imprecision of the
commanded angle (backlash) is
approximately 0.2◦

Commanded angle [◦] Measured angle [◦] Angle error [◦]

0.00 0.00 0.00

120.00 119.91 −0.09

180.00 179.77 −0.23

240.00 239.83 −0.17

359.98 359.92 −0.06

3.6 Rotation Mechanism Characterisation

Rotation Time CaSSIS is pictured in Fig. 21 without multilayer insulation, on the adaptor
jig during integration with the thermal vacuum chamber (diameter of 1.8 m). It was fixed to
an adaptor plate and placed inside the chamber in two orientations, the first of which with the
telescope line of sight (LOS) horizontal, resulting in the rotation axis tilted down by 10◦ (see
slight angle of the adaptor jig in Fig. 21). The second was made possible by fixing the plate
such that the rotation axis was then pointing upright, and was done to mitigate the effect
of the telescope’s weight, and gravity. In the last test before delivery, CaSSIS completed a
180◦-rotation in 15.53 s ± 0.10 s in vacuum at −30◦C, thereby meeting its requirement. For
operations during the science phase, the nominal rotation time will likely be ∼20 s.

Rotation Axis and Line-Of-Sight The aim of these measurements was to determine the
rotation axis and LOS of the telescope, and in a reference frame that could later be trans-
posed within the TGO’s reference frame. To reach a quick result, a FARO 3D arm was used
and the required measurements were performed on the CaSSIS CRU during the final inspec-
tion, before shipment to Cannes for integration on the TGO.

Two optical cubes were glued onto CaSSIS: one on the base of the CRU (CaSSIS cube),
and the second on the telescope structure (telescope cube). Determining the rotation axis
of the telescope required measurements of the cubes at various points on the structure, and
at different angles of rotation. The chosen measurement angles were situated on a virtual
circle with the centre being the rotation axis. The chosen angles are listed in Table 10. The
position of the four corners of the telescope cube were determined by measurement of the
cube’s faces, as well as a virtual centre of the cube, and each at the five angles of rotation. The
exact dimensions of the cubes were characterised by the Swiss Federal Institute of Metrology
(METAS), and thus, measurement of only three of the cube’s surfaces (intersecting at one
corner) were required in order to reconstruct the whole cube.
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Table 11 An estimate of time
taken to rotate 180◦ and the
precision in rotation angle
(backlash), the angle between the
telescope rotation axis and the
line of sight (LOS), and the LOS
of the telescope with respect to
the Trace Gas Orbiter (TGO)
reference frame

Property Result

Rotation time 15.53 s ± 0.10 s per 180◦

Precision of rotation ∼0.2◦ of error on a commanded angle

Telescope pitch angle 9.89◦ ± 0.1◦

LOS wrt TGO reference frame ±0.1◦

For each corner, a plane and a circle were determined that best fit the five measurement
positions. The centres of those circles were deemed to be on the rotation axis, a line was
constructed that best fit the points and this was taken to be the best estimation of the rotation
axis of the telescope.

To evaluate the accuracy of a commanded rotation, the angle between the positions of
the telescope-cube centre was evaluated with respect to the position of the cube at 0◦, inside
the plane defined by the five angle positions. As the position of the telescope-cube centre is
defined to an accuracy of ±0.1 mm on a circle of 172.3 mm-radius, the uncertainty on the
determination of any commanded angle is ±0.03◦ (Table 10).

We were able to determine the rotation axis to an accuracy of ±0.019◦. However, the
orientation of the CRU reference cube was known only to an accuracy of ±0.06◦, and there-
fore, this was the final uncertainty on the rotation axis determination in the CaSSIS-cube or
TGO reference frames.

The first characterisation of the telescope LOS was done by RUAG Space during mirror
integration, and with respect to their temporary integration cube (RSSZ cube). Therefore,
the CaSSIS telescope cube was also characterised with respect to the RSSZ cube. Using a
conversion matrix provided by RUAG Space, the LOS could be converted to the telescope
reference frame. Having determined the rotation axis of the telescope, as well as the exact
rotation angle applied, it was then possible to verify that the true LOS at each position fit
well with a LOS calculated by the rotation matrix. Considering the LOS calculated at 0◦ as
the reference, we applied the rotation matrix to obtain the theoretical LOS with respect to
our rotation axis and the exact angle applied, and compared the theoretical LOS with the
value based on the telescope-cube measurement.

All results of the rotation mechanism characterisation are summarised in Table 11, where
the telescope pitch angle was calculated as the difference between the LOS and the rotation
axis, for the five commanded angles of rotation (Fig. 22). Where possible, remaining char-
acterisations of the rotation mechanism will be done in flight.

3.7 Push-Frame Timing Verification

The interval time between successive exposures will be synchronised to the TGO’s ground
track velocity, and thus, confirmation of this repetition frequency is important for success-
ful overlap and mosaicking of images when acquiring in orbit around Mars. For a default
time interval of t367 = 367.0 ms, a test was devised with the use of an LED and a function
generator. The LED was set to strobe with a slightly higher period than that of the default
repetition frequency and CaSSIS was commanded to take a sequence of 40 exposures per
data set.

If we consider the relation whereby the difference in periodicity of two waves is given
by T :

1

T
= 1

t1
− 1

t2
(3.2)
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Fig. 22 The rotation axis and
local reference frame on the
telescope, with the telescope
cube seen towards the bottom
right of the picture

(a) (b)

Fig. 23 Commanding CaSSIS during the push-frame timing verification test. (a) CaSSIS pictured with multi-
layer insulation before the test began. The LED was shone into the aperture (centre-image). (b) Commanding
CaSSIS via its electronic ground support equipment

It therefore follows that the difference between the measured repetition frequency, t367,
and the LED strobing period, tx , can be given by the following:

1

T
= 1

t367
− 1

tx
(3.3)

The LED was shone into the CaSSIS aperture (Fig. 23(a)), and the test was performed
twice for each selected LED period, tx . Figure 24 displays the results. Solving for t367, and
calculating the difference between the nominal and empirically-found values, allows us to
define the push-frame timing of successive exposures to be 367.0 ms ± 0.2 ms.

4 Summary

In order to assess and correct for various types of noise within the imaging system, and
therefore optimise the scientific performance of CaSSIS, we have performed a number of
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(a) (b)

(c) (d)

Fig. 24 Successive exposures capturing the on/off cycling of a strobing LED in order to test, and ideally
confirm, the flight software repetition frequency of 367 ms. For each figure the first set of data is in black, the
second is in blue. (a) tx = 376 ms. (b) tx = 377 ms. (c) tx = 378 ms. (d) tx = 390 ms

measurements in order to determine the pre-flight performance of the instrument. With a
negligible level of dark current at nominal science exposure times, a good point spread
function value, accurate timing of images, and a validated spectral response model, all indi-
cations are that CaSSIS will perform very well on arrival at Mars and will be successful in
reaching its scientific objectives.

We summarise our results as follows:

– Flat fields (Pixel Response Non-Uniformity). A flat-field map was obtained. The most
notable defect is a slightly diagonal line between 0 and 2 pixels high, spanning the entire
2048 pixel-length of the PAN filter. At exposure times at, and above, 49.92 ms, a second
line becomes apparent on the left edge of the RED filter, between 0 and 2 pixels high,
and stretching from pixel 1 to 958 in the x-length of the RED filter. Both lines can
be characterised as containing hot pixels, and holding signal values of approximately
300 DN and 16000 DN (saturation) more than surrounding pixels at exposure times of
49.92 ms and 10 s, respectively. The percentage of major outliers in each filter were
calculated to be: PAN 0.44%, RED 0.50%, NIR 1.67%, and BLU 0.98%. The relatively
high numbers (requirement < 0.5%) of outliers seen in the top half of the detector were
noted and will be monitored. Two small shadows of what are believed to be dust particles
on top of the filter strip assembly are present, however, they were likely removed in
the cleaning process before shipment to the spacecraft. The noted features and defects
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were nevertheless taken into account when defining the default window coordinates for
nominal operations around Mars to mitigate any effect they may have, however small.
We note no detectable vignetting and an otherwise suitably flat and predictable flat-field
response.

– Linearity. The detector displayed an excellent linear response, characterised by the
Pearson product-moment correlation coefficient. The coefficients, which represent the
strength of the linear relationship between exposure time and signal, were calculated
with a confidence level of 99.9% (3.3σ ):

0.99976 ≤ PCC(PAN) ≤ 1.00000
0.99992 ≤ PCC(RED) ≤ 1.00000
0.99976 ≤ PCC(NIR) ≤ 0.99999
0.96762 ≤ PCC(BLU) ≤ 0.99949

– Spectral Response. We have produced a model for the relative spectral response of
CaSSIS through all filters. From this model, the conversion factors for the computation
of surface reflectance factor π.I/F from instrument signal in Dynamic Number (DN)
were derived to be 6.0751098e-08 (BLU), 3.0182668e-08 (PAN), 7.9275380e-08 (RED),
7.7820115e-08 (NIR). We assume a gain value of 7.17 e−/DN, but this value could not
be verified experimentally.

– Bias Levels & Dark Current. Two small ‘control windows’ were introduced underneath
the non-transmissive areas of the filter strip assembly, and were implemented in order
to monitor the dark current and its evolution over the operational lifetime. For exposure
times in the range of 0.4 µs–5 ms, at 0◦C, the mean dark current level (all 4 filters + 2
control windows) was 577 DN/s (3955 e−) with a bias level of 3794.62 DN (26942 e−).
For exposure times in the range of 10 ms–10 s, at 0◦C, the mean dark current level was
587 DN/s (4168 e−) with a bias level of 4727.78 DN (33567 e−). For acquisitions above
exposure times of 9.6 ms, a curious ‘charging’ effect seems to take place wherein the
acquired charge at the first exposure is significantly high, reducing considerably by the
fifth exposure, after which the detector response is stable and predictable. The exact cause
of this effect is the subject of an on-going investigation, but remains predictable, having
also been observed in Near-Earth Commissioning data.

– Point Spread Function (PSF). Random movements of the CaSSIS detector, induced by
vibrations of the thermal vacuum chamber, were unable to be quantified within the given
time frame so that their affect was minimised. The point spread function (FWHM) was
therefore calculated to be ≤ 1.8 px. Rather more large than the expected 1.5 px, it was
however an upper limit and the true value was expected to be much lower. This has since
been confirmed with Near-Earth Commissioning calibration data, yielding a PSF in the
range of 1.2–1.4 px.

– Effective Focal Length. The effective focal length of the system was estimated to be
879.0 mm. This result is closer to the nominal value (880 mm) than the average of mea-
surements (871.5 mm) at the focal plane measured by RUAG Space, and well within the
accuracy requirement of ±1%.

– Rotation Rate of CaSSIS. The camera rotation unit completed a 180◦-rotation in 15.53 s ±
0.10 s in vacuum at −30◦C.

– Rotation Position Reproducibility. The precision of rotation (i.e. the error on a com-
manded angle) was calculated to be 0.2◦, repeatability could not be verified due to
schedule constraints. The telescope pitch angle was found to be 9.89◦ ± 0.1◦, and the
line-of-sight with respect to the spacecraft reference frame is ±0.1◦.
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– Push-frame Timing Verification. Successive exposures capturing the on/off cycling of
a strobing LED in order to test, and ideally confirm, the then-default flight software
repetition frequency of 367 ms were performed. The push-frame timing of successive
exposures, based on empirical data, was found to be 376 ms ± 0.2 ms.

Finally, in the next section, we present a short preview of in-flight measurements, and what
to expect from future results.

5 Preview of In-Flight Measurements

Improve
– Flat field images through observations of appropriate targets at the earliest available

opportunity.
– Characterisations of the rotation mechanism using dedicated imaging sequences and

rotations.
Verify
– Spectral response observations of reference photometric stars in-flight will be per-

formed to refine the value of gain and hence the coefficients for the conversion of
instrument signal to reflectance factor.

– Registration accuracy in orbit.
Do for the first time
– In-field stray light test using an illuminated limb observation of Mars would provide

the best assessment of stray light close to the boresight. An alternative approach not
requiring a slew to the limb would be to use the terminator crossings to provide upper
limits for the stray light.
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