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Abstract 

 

The acquisition and tracking performance of the Mars Express star trackers is 

depending on occultation or disturbance of their field of view by Mars, as well 

as on the quality of the sky and adequacy of the on-board star catalogue in 

this region. At system level, the attitude orbit and control system is in charge 

of monitoring the performance of this inertial attitude data vital to the mission. 

The attitude orbit and control system can power-cycle a suspected faulty star 

tracker or use the second backup one.  

The proposed degree project will be carried out within the Mars Express Flight 

Control Team at the European Operation and Control Center in Darmstadt. In 

the course of the analysis, performance stress factors like occultation or sky 

quality and the resulting unwanted system behavior will be characterized 

taking into account on-board constellation maps. In this regard, possible 

seasonal effects will be identified and validated through telemetry processing. 

Already existing fault detection isolation and recovery schemes will be 

critically reviewed..  

In a final step, the obtained results will be applied and compared to 

performance factors of the STELLA star tracker which was developed at the 

University of Würzburg. 
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1. Introduction 

Mars Express (MEX) is the first European mission to another planet. It has 

positioned European scientists at the forefront of Mars research in all fields. 

Having arrived at its destination in December 2003, Mars Express continues 

to investigate Mars interior, surface, atmosphere and ionosphere in 

unprecedented detail. 

In this context, a reliable and highly accurate attitude determination system is 

vital for Mars Express payload and communication performance. In addition to 

orientation information determined by gyroscopes and sun sensors, absolute 

3-axis attitude of Mars Express spacecraft is provided by two autonomous 

star trackers utilizing star observations. 

In the course of this thesis, Mars Express star tracker performance will be 

analyzed with an emphasis on attitude acquisition problems linked to 

occultation that have been observed in an increasing number over the last 

couple of years. These Anomalies with a duration of up to a few hours without 

any star tracker attitude information lead to an increased error in attitude 

provided by the gyro-stellar estimator which is only relying on gyroscope 

measurements during that time. 

The analysis will be carried out on the basis of information collected during a 

three month traineeship within Mars Express Flight Control Team at the 

European Space Operations Centre (ESOC) in Darmstadt, Germany. 

After introducing Mars Express Mission, spacecraft and star tracker 

architecture, anomalous star tracker performances will be categorized and 

sorted by priority in order to support on-going mission operations. Telemetry 

and simulations utilizing orbital parameters provided by ESOC Flight 

Dynamics Division will be the means for characterizing sample cases and 

long-term statistics. The variation in star tracker technology holds many 

differences in performance quality. Depending on residual environments, 

different hard- or software architectures may lead to totally different results. In 

a last effort, an alternative star tracking technology and its expected 

performance under similar environmental conditions will be presented by 



2 

 

taking the example of STELLA, a star tracking system for pico and nano 

satellites developed at the University of Würzburg. 

The motivation for this thesis is a better understanding of anomalous 

performances by Mars Express star trackers that could be a threat to mission 

operations and to determine ways of how they can be mitigated or even 

avoided in the future. 
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2. Mars Express 

This section gives a short overview of Mars Express Mission, spacecraft 

design and subsystems. Mars Express attitude and orbit control system will 

be covered in a more detailed manner since it is of special interest in the 

context of this thesis. 

2.1 Mission Description 

Mars Express Mission is the prototype for flexible ESA missions within the 

long-term science program “Horizon 2000 plus” which is characterized by very 

short lead times and therefore low costs. This way, ESA is able to react more 

quickly on up-to-date scientific fields of interest like Mars Planetology. Only 

four years of preparation before the launch in June 2003 was also 

accomplished because of integrating instruments and technologies that had 

already been used for Rosetta mission by the main contractor EADS Astrium. 

After six months of travel, the satellite reached Mars in December 2003. [1] 

First it maneuvered into a highly elliptical capture orbit from which it moved 

into its operational near polar orbit later in January 2004. At an orbital 

inclination of 86°, Mars Express orbits Mars with a period of almost 7 hours 

during which it crosses orbital pericentre at about 4000 km and apocentre at 

14000 km relative to Mars centre. [2] 

The satellite consists of an orbiter and a Lander. The Lander named Beagle 2 

was planned to determine the geology of the landing site, search for life 

signatures and study the weather and climate of Mars. But unfortunately, 

Beagle 2 was declared lost after it failed to make contact with orbiting 

spacecraft and Earth-based radio telescopes. [3] 

Mars Express orbiter nominal lifetime was planned to be one Martian year 

which is equivalent to approximately two terrestrial years, but it has been 

extended until 2012. Until now, Mars Express orbiter is still imaging Mars 

surface at high resolution, producing maps of mineral and atmospheric 

composition and determining the structure of the sub-surface to a depth of a 

few kilometers.  
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Important cornerstones of MEX scientific discoveries were the detection of 

Mars polar ice caps and methane in the Martian atmosphere by the two 

orbiter instruments “Visible and Infrared Mineralogical Mapping Spectrometer” 

(OMEGA) and “Ultraviolet and Infrared Atmospheric Spectrometer” (SPICAM) 

respectively. [4] 

 

2.2 Spacecraft Design 

In the following, Mars Express orbiter will be termed MEX spacecraft. Figure 1 

shows the layout of MEX spacecraft in spacecraft reference frame with the 

origin “Oa”. The location of various subsystems will be described by reference 

axes directions. 

The spacecraft layout shows a clear separation between propulsion module 

located within the central structure, platform unit accommodation along 

reference Ya-axis featuring the solar arrays, communication with Earth using 

the High Gain Antenna in Xa-direction and payload accommodation and 

cooling along reference Za-axis. The two MEX star trackers can be seen in 

the top picture within the central structure pointing in negative z-direction at a 

certain inclination. 

The spacecraft design is based on a parallelipedic like shape sizing about 1.7 

m length, 1.7 m width and 1.4 m height. The solar array is composed of two 

wings, providing a symmetrical configuration favorable to aero braking 

techniques. [2] 

Attitude and Orbit Control is achieved using a set of two star sensors, 

gyroscopes, accelerometers and reaction wheels. A bi-propellant reaction 

control system is used for orbit and attitude maneuvers by either a 400 N 

main engine or banks of 10 N thrusters. 

The Data Handling is based on packet telemetry and telecommand. The 

Electrical Power generation is performed by solar arrays, the power storage 

by Lithium-Ion batteries. A standard 28 V regulated main bus is offered to the 

payload instruments. 
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Figure 1: MEX spacecraft exploded view 

 

The RF Communications function will transmit X Band telemetry 8 hours per 

day via a High Gain Antenna at rates between about 19 and 230 kbps 

depending of the Mars to Earth Distance. A variable telecommand rate of 7.81 

to 2000 bps is foreseen during up to 8 hours per day. [5] 
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2.3 Attitude Orbit and Control System 

The Attitude and Orbit Control System (AOCS) of the spacecraft requires 

implementation of four reaction wheels, used with a three out of four 

redundancy. The main functions of the reaction wheel assembly (RWA) are to 

ensure correct orientation of the spacecraft during fine pointing modes, and to 

ensure spacecraft maneuverability with minimum propellant consumption. The 

RWA‟s Reaction Wheels (RW) are implemented on a skewed configuration as 

shown in Figure 2. Redundant units and units with a Rosetta heritage are 

marked as indicated in the legend. 

 

 
 

Figure 2: AOCS Hardware Units 
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Due to the selection of a fixed high Gain antenna (HGA), and to the 

propulsion configuration including a Main Engine, the Mars Express mission 

requires a high level of attitude maneuverability for the spacecraft. Attitude 

maneuvers will be performed between the observation phase and the Earth 

communication phase, or to reach specific attitudes necessary for science 

observations. Another reason might be trajectory correction maneuvers 

performed either with the Main Engine or with the 10 N thrusters. All the 

attitude maneuvers of operational phase are defined on ground, using a 

polynomial description of the Quaternion to be followed by the Spacecraft. 

The Star Tracker (STR) is the main optical sensor of the AOCS, used at the 

end of the attitude acquisition to acquire the final 3-axes pointing. 2 Star 

Trackers (STR1 and STR2) are implemented on the negative Xa face of the 

Spacecraft with an angle of 30° between their optical axes as already shown 

in Figure 1. More details on MEX STR Hard- and Software-Design will be 

provided in the next section. 

Two Inertial Measurement Units (IMU) are used by the AOCS, each IMU 

including a set of 3 gyros and 3 accelerometers aligned along 3 orthogonal 

axes. The Gyros are useful during the attitude acquisition phase for the rate 

control, during the observation phase to ensure the required pointing 

performances and during the trajectory corrections, for the control robustness 

and failure detection. The Accelerometers are essential during the main 

trajectory corrections.  

Two redundant Sun Acquisition Sensors (SAS) are implemented on the 

Spacecraft central body and are used for the pointing of the Sun Acquisition 

Mode (SAM) during the attitude acquisition or reacquisition in case of failure. 

The Propulsion configuration includes a Main Engine (414 N) which is used to 

perform all the major trajectory changes, and 10 N thrusters used for the 

attitude control and also to produce the thrust during the small trajectory 

corrections.  

2 redundant Solar Array Drive Mechanisms (SADM) are implemented on the 

reference Ya-axes walls of the spacecraft to control the orientation of the 

Solar Arrays. [6] 
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2.3.1 AOCS Mode Architecture 

The AOCS mode logic contains several modes for attitude acquisition/ 

reacquisition purposes, for the nominal scientific mission operations and for 

the orbit control.  

Most of the AOCS modes which will not be mentioned here because they 

were designed for early mission phases, recovery from Safe Mode or cases 

that do not apply to the topic of this thesis. The following three modes 

however belong to the ones most frequently applied during daily operational 

routine so that they have to be contained in this section. 

The Normal Mode (NM) is designed to enable all the nominal operations of 

the mission, except the trajectory corrections. It uses Star Tracker 

measurements and gyros for the attitude measurements, and reaction wheels 

for the control, in order to reduce the fuel consumption and the orbit 

disturbances, and to have the best pointing performances during Mars 

observation phases. The Normal mode contains several sub-phases used to 

cover all the functionalities required during the operational mission. 

The Gyro-Stellar pointing on Ephemeris Phase (GSEP) is optimized to ensure 

to the spacecraft a deterministic and quasi-inertial attitude with respect to the 

Sun and the Earth directions with a pointing accuracy compatible with Earth 

communication needs (HGA axis pointed towards the Earth) and a sun 

pointing of the Solar arrays. This phase is used during the cruise phase, and 

in the communication phase of the orbit to hold a robust link with the Earth 

between scientific operations for data transmission. It can be also the phase 

used during long duration solar conjunctions. 

The Fine Pointing Accuracy Phase (FPAP) is the operational mode used for 

the scientific mission during the Mars observation. It is designed to be able to 

control the Spacecraft around mission attitude profiles defined by the ground 

(for example Nadir pointing), and to ensure the pointing and pointing stability 

performances necessary for payloads operation. The Solar Array orientation 

is commanded by the ground and is fixed during the observation phase. 



9 

 

2.3.2 AOCS Generic Functions 

The AOCS modes use generic functions for the guidance, the attitude 

estimation and the actuators management. At the Software level, these 

functions are common objects, used by several modes. 

The role of the guidance is to provide onboard the reference attitude to be 

followed at each time of the mission by the attitude control. It concerns of 

course the orientation of the Spacecraft but also the Solar Array position. 

Reference attitude can be Ground commanded with a description based on 

Chebychev polynomial. It can be propagated through Onboard Ephemeris or 

generated by the Autonomous Attitude Guidance Function.  

The gyro-stellar estimation function is common to many AOCS modes. It 

processes gyro and STR measurements to provide an accurate estimate of 

the spacecraft attitude. It is based on a Kalman filter with constant covariance 

that allows mixing measurements at different rates (8 Hz for the gyros and 2 

Hz for the STR). The estimated attitude is a quaternion representing the 

spacecraft attitude in the J2000 inertial frame. The gyro-stellar estimator also 

estimates the gyros drifts to limit the attitude errors in case of STR 

measurement absence like it is encountered during the anomalies that will be 

analyzed in the course of this thesis. [7] 

 

2.3.2 Occultation Manager Patch 

The Occultation Manager manages the planet occultations that may occur on 

the star trackers. The ground used to periodically provide this object with 

tables giving information about the star tracker occultation periods. But in 

order to save resources, the Occultation Manager was patched to recover 

from occultation autonomously. 

All transitions from “non occultation” to“occultation” are signaled by 

corresponding events generated by STR. In this case, the currently used star 

tracker is switched to the stand-by mode. It must be added that the modes 

mentioned in this section do only concern active STR. They must not be 

confused with the above described AOCS modes. 
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After a fix time of 8 eight minutes, Occultation Manager flags currently active 

STR a mode transition to attitude acquisition. This is repeated until attitude 

acquisition was successful and STR autonomously switches to attitude 

tracking mode. All STR modes and events will be described in detail in the 

next section. 

This simple algorithm has the big disadvantage that it cannot distinguish 

between occultation and the inability to reacquire for other reasons after 

occultation exit like during the anomalies analyzed in this thesis. [8] 

 

2.3.3 Power Cycle Patch 

For this reason, the so-called Power Cycle Patch was applied. The only 

parameter provided from ground is a fix time duration after which currently 

active STR hardware is reset if it still has not reacquired attitude. This 

procedure is carried out three times before STR active unit is switched to the 

secondary unit (STR2). 

In the course of the last two years STR occultation periods grew from only 

one hour to up to four hours leading to an increased number of futile STR 

power cycles during ongoing occultations. The fix time parameter was 

increased again, but on the other extreme, anomalous STR performance will 

not be detected for hours after short occultation periods. [9] 

 

2.4 Mars Express Star Tracker 

Star Trackers are devices that measure star coordinates in Spacecraft frame. 

These coordinates are then compared to known star directions in an inertial 

reference frame from onboard catalogue. This way, attitude information of the 

Spacecraft can be derived in inertial reference frame. [22] 

In this chapter, MEX autonomous star tracker will be introduced. This is 

accomplished by first looking into hardware related design aspects taking into 

account housing and electronic layout. In a second step, STR software (S/W) 

and its different operative modes will be presented in more detail since these 

are essential for understanding STR performance problems later on. 
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2.4.1 Hardware 

Each STR system consists of an Optical Head protected against stray light by 

a Baffle shown in the right half of the picture and a Star Tracker Electronic 

Unit. Figure 4 shows an engineering model of the same type as the two units 

integrated in MEX spacecraft.  

 

 
 

Figure 3: MEX Autonomous Star Tracker [10] 

 

Sensitivity Range 1.7 to 5.4 

Stars simultaneously tracked up to 9 

Single Star Accuracy 9 arcsec 

Attitude Accuracy 5 arcsec for pitch/yaw 

20 arcsec for roll 

Tracking rate up to 0.17 deg/sec 

Attitude output format Quaternion in J2000 frame 

Power interface 28 ± 1% V 

Mass 4.76 kg OH+Baffle 

2.7 kg EU 

Dimension (LxWxH) 502x229x197 [mm] OH+Baffle 

264x187x79 [mm] EU 

Bright Object Angle 45° Sun 

30° Mars/Earth/Comet Limb 

 
Table 1: MEX STR technical characteristics [11] 

 

MEX STR was designed to detect stars with a magnitude range from 1.7 to 

5.4. The determined attitude is provided as quaternion in Mean equatorial 
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J2000 frame. All attitude considerations in the course of this work will be 

undergone in this reference frame.  

Table 1 also shows the minimum angles and maximum angular rates 

specified by the manufacturer Galileo Avionica that must be respected in 

order to guarantee nominal performance. 

 

Waveband 500 - 850 nm 

Effective Focal Length 46 mm 

Relative aperture 

(F/number) 

F/1.5 

FOV dimension 16.47° x 16.47° (square) 

Pixel size 13 mm 

Distortion 2.3 % 

 
Table 2: MEX STR optical system parameters [10] 

 

STR Optical Head contains the optical system, the CCD detector, heater 

control, electronics required to operate the CCD, amplifier and A/D converter. 

The optical system images the area of the sky to which the sensor is pointing 

to. Details on STR optical system parameters are provided in Table 2. 

The digital video signals of the pixels of selected windows (up to 10) within the 

CCD are then transmitted to the electronic unit to be processed. 

 

 
 

Figure 4: STR Measurement Frame [10] 
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Figure 5: CCD Measurement Frame [10] 

 

The Electronic Unit (EU) section contains in one board all the digital 

electronics relevant to the STR, the interfaces for data I/O with the AIU and 

the power converter (DC/DC converter). 

The whole operational sequence of the STR is supervised under 

microprocessor control (DSP21020) by means of dedicated S/W that will be 

addressed in the next section in more detail. The S/W sends the control 

commands required by the optical head and processes the digital signals 

coming from the OH to realize targets detection and tracking functions. Ten 

targets can be simultaneously tracked and their related information is sent to 

the AIU using a high-speed serial link (IEEE1355). [16] 

There are three different coordinate systems used to describe STR attitude. 

The mechanical, the measurement and the CCD coordinate system. But only 

the last two systems will be of interest in the course of performance analysis.  

The measurement coordinate system (RMEAS), shown in Figure 4, is a right 

hand coordinate system. RMEAS centre is located on the CCD central pixel. 

ZMEAS-axis is pointed in the direction of STR optical axis or STR boresight. 

And the XMEAS axis is oriented in the same direction as the XCCD axis 

which is displayed in Figure 5. 
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useful sensitive area format 1024(V) x 1024(H) 

pixel pitch 13 μm 

operating temperature -10 °C ± 10 °C 

anti-blooming structure shielded barrier type w/o gate 

conversion ratio from 3 to 6 μV/el 

readout noise (rms) < 20 el. 

 
Table 3: CCD characteristics [12] 

 

The CCD frame RCCD is a right hand coordinate frame as well. The XCCD 

axis is parallel to the column axis of the CCD array and it is oriented from the 

first line to the last line to be read within a taken image. The YCCD axis is 

parallel to the row axis of the CCD array and it is oriented from the first pixel 

to the last pixel to be read within a line transferred into the readout register. 

The origin of the RCCD axis system will be placed at the centre of the first 

pixel to be read in the first line to be transferred in the readout register. 

STR CCD is a front-face illuminated, frame transfer CCD sensor. The image 

area contains 1024 by 1024 pixels which are 13 µm square. Additional 

characteristics of STR CCD are provided in Table 3. 

 

2.4.2 Operative Modes 

In this section, a general description of the STR S/W functionality performed 

during each mode is provided. Since this thesis mostly deals with STR 

attitude acquisition performance an emphasis is put on AA/CAD mode, where 

attitude is reacquired after having lost attitude tracking due to field of view 

(FOV) occultation. 
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2.4.2.1 Initialization 

After ON command receiving, the Initialization SW stored in BOOTPROM 

(size 8KW 48 bits) is transferred in the first 8KW of PRAM. During this mode 

the STR allows the AIU performing activities related to the management of 

STR S/W and H/W resources, and in particular: 

 

- S/W loading from the EEPROM to RAM. 

- Memory management (upload, download, check). 

- Start of application S/W. 

 

The start of the application S/W that can be commanded with or without 

watch-dog circuit disabling, produces an autonomous transition to the Stand-

by mode, allowing the STR to reach the full functionality. In this mode the STR 

is able to patch the software of the memories containing the application 

software and the default values of the system parameters. 

 

2.4.2.2 Standby 

In this mode, the STR achieves or keeps the nominal operating conditions in 

order to rapidly react to the AOCS commands and minimize the power 

consumption. In particular in this mode, the STR allows the AIU generating 

commands to enter in a specific mode (as repeatedly done by the Occultation 

Manager for example). 

The CCD thermal control allows the STR maintaining the CCD temperature 

within a given range independently on the STR temperature. Once activated 

(by entering in Stand-by mode) the Control is performed in the background. 

The hot pixel detection is performed as a background function as well. This is 

accomplished by continuously reading the CCD by means of windows 

addressed each cycle in such a way to scan the CCD. Each time a hot pixel is 

detected, an event will be generated to inform the AIU of the detection. The 

hot pixel map contained in RAM is autonomously updated. 
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2.4.2.3 AA/CAD 

In this mode, the STR determines the coarse attitude describing the 

orientation of its reference frame that could be displaced at any position in the 

celestial sphere w.r.t. J2000 inertial reference frame. To perform coarse 

attitude determination the STR, by collecting and processing images of the 

whole CCD, autonomously identifies the star-field present in its FOV. In 

AA&CAD for each cycle the following operations are performed as shown in 

Figure 6. 

During Pre-processing the entire CCD is read out. Each pixel signal is 

compared with an individual detection threshold to discriminate lighted pixels 

from dark ones. The detection threshold includes an adaptive background 

contribution, based on a running mean computation, allowing the acquisition 

of faint stars and the detection of extended targets even in presence of a 

variable background signals across the CCD due to stray light. Details on the 

running mean algorithm will be provided at the end of this chapter. 

 

 
 

Figure 6: AA/CAD algorithm 

 

Segments beyond a size of 36 pixels are labeled as large objects and 

segments of pixel size one and saturated pixel signal are marked as Single-

event-upset (SEU). Both cases are signaled by generating the appropriate 

event file. And for each cycle if an extended target is detected within the FOV 

and prevents the STR to perform Coarse Attitude measurements, the STR 

goes back to standby mode and sends an error/anomaly message to the AIU. 

So far, the number of detected stars corresponds to all valid segment clusters 

on the entire square shaped CCD. In the next step, only those clusters will be 

concerned for further processing which are inside the inner circle of the CCD. 

Those clusters are marked as candidate stars “CStars”. 
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At the end of this low level processing phase, the positions and magnitudes of 

all CStars present in the circular FOV, having a magnitude within a predefined 

range (from 1.7 to 5.4) are made available to the geometric Pattern 

Recognition algorithms. 

 

 
 

Figure 7: AA/CAD algorithm 

 

Given the stars detected within FOV on the CCD a measured triad list is 

generated. The star triad list includes for each entry the following parameters 

also indicated in Figure 7: 

 

- Angular distance to the closest neighbors. 

- Spherical angle about a star from first to second closest neighbor stars. 

- Magnitudes for all three stars. 

-  

The measured triad lists are compared with the on-board triad catalogue. 

Each time a measured triad is matched with the reference triad, the three 

stars belonging to the measured star triad are associated to stars in the on-

board star catalogue. 

The detected star pattern is then validated to prevent false triad matching by 

computing the angular distances for each measured matched star with 

respect to all the other measured matched stars. The same is done for the 

stars of the on board catalogue. If the distances of the “candidate stars 

pattern” match the corresponding “reference star pattern” the star pattern is 

asserted as valid. 

Now that the detected stars have been identified and validated, each star is 

assigned a unit vector in J2000 frame in order to compute attitude quaternion 

by means of least square method. 
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The attitude information obtained in two consecutive AA&CAD cycles is 

compared for angular rate estimation and for a consistency check based on 

the maximum allowable rate. If the attitude information is consistent then the 

tracking mode AT/FAD is entered otherwise an additional cycle is taken and a 

message will be sent to the AIU. 

In case the acquisition procedure is not successfully completed within 6 

cycles the STR will interrupt the acquisition procedure going-back to the 

stand-by mode. 

 

2.4.2.4 AT/FAD 

In this mode the STR continuously provides accurate attitude information 

describing the orientation of its reference frame w.r.t. J2000 inertial reference 

frame. By collecting and processing a maximum of 9 images of limited 

portions of the CCD that are located around known positions of stars in its 

FOV the STR refines its attitude and rate measurements. 

The Autonomous Tracking and Fine Attitude Determination mode is 

autonomously addressed after successful completion of the Autonomous 

Acquisition and Coarse Attitude Determination (AA/CAD) mode. It receives as 

input the coarse attitude and rate estimated in the previous mode and the 

information of the position of expected stars. 

By means of the attitude information and the estimation of the measurement 

frame rate, the STR autonomously predicts the future attitude. The STR S/W 

identifies a subset of stars that will be contained in its FOV in the future 

attitude based on the data of the on-board star catalogue. 

This is why the CCD is read out in windowed mode to reduce cycle duration 

and amount of data to be processed. Apart from that, the same pre-

processing algorithms apply as explained in the previous section. But after 

segment clustering, the cluster having the minimum difference in magnitude 

w.r.t. the expected star is selected. 

The stars found are then used for Fine Attitude Determination (FAD) by linking 

expected and measured star positions. The linked stars and the 

corresponding reference stars (contained in the on-board star catalogue) are 
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used to compute fine attitude by means of a least square method. The 

measured quaternion is dated at mid of integration time. 

Until at least two measured stars are linked the STR will continue the 

AT&FAD mode updating the attitude and rate parameters. If Fine attitude 

measurement is not possible due to the presence of a large object or not 

enough stars within FOV the STR falls back autonomously in AA&CAD 

generating the corresponding event file. [10], [11], [13] 

 

2.4.3 CCD Background Noise 

CCD Background noise is only determined in AA/CAD and AT/FAD mode. 

During standby mode, CCD global background mean Telemetry is not 

updated until another mode transition. But background information is also 

used internally by STR S/W to adapt the variable threshold in order take into 

account individual noise environments throughout the CCD. Understanding 

the background calculation algorithm is essential for explaining system 

behavior in the presence of stray light. This is why Figure 8 gives an overview 

of the algorithm for processing only one CCD row of pixel signals. At each 

AA/CAD cycle the same steps are undertaken for all 1024 CCD rows before 

computing the global background mean GlobalMean that is displayed by TM. 

[14] 

The processing of the first four column pixels will be neglected for the sake of 

clarity. The block diagram starts at the point where the running mean 

BkgMean is set to the maximum value maxBkg. The actual threshold TH is 

the sum of this mentioned running mean and a system parameter 

THRESHOLD. Now the loop starts where every pixel signal is checked 

against TH. Signals above TH are considered to be illuminated/potential stars 

and are added to an RLE segment. But signals below TH cause the running 

mean BkgMean to be recomputed. 

In the loop mode BkgMean is the mean of the Last-in-first-out (LIFO) stack 

BkgArray which is now updated with the pixel signal that was found to be 

below TH. The signal is also added to the Global Mean Accumulator 

GlobalMeanAcc that keeps track during each cycle which signals stayed 
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below TH in order to calculate the global mean at the end of processing all 

CCD rows. 

 

 

 
Figure 8: CCD Background algorithm for processing one row 
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This variable threshold has the advantage of giving the system a higher 

dynamic range than a fix threshold if the highly sensitive calibration and 

selection of the different system parameters perfectly matches the actual 

noise environment. The following section will present the reasons why those 

parameters were altered after MEX had been already launched. [13] 

 

2.4.4 Stray light Patch 

During Flight, the Mars Express star tracker experienced a background level 

significantly higher than the expected. During the first operation of the S/C, 

STR properly performed Attitude acquisition and successful transition to 

autonomous tracking. In this phase the Sun was almost in the opposite 

direction relative to STR boresight. But after pointing STR boresight at an 

angle of 46° towards the Sun, STR was not able to acquire attitude anymore 

and repeatedly generated the event file that attitude acquisition was not 

possible due to a large object within FOV “AA not possible due to LO”. [14] 

This is why in September 2003, the year of the launch, EADS Astrium carried 

out stray light tests in order to investigate the impact of parasitic light sources 

on CCD Background levels. At the same time, the manufacturer Galileo 

Avionica produced an analysis of the in flight data and impacts on STR 

performance coming from detection threshold changes. [15] 

Stray light test measurement setup comprised of a light source that was 

positioned at different angles towards STR boresight. These incidence angles 

are varied in steps of 15° and all CCD levels are read out. The same was 

done for different rotations about the optical axis. Figure 9 shows two results 

at incidence angles 60° and 30° where the second image was acquired with 

STR boresight rotated +30°. X- and Y-axes of the images describe pixel 

positions, the colourbar gives pixel value in digital numbers (DN). For now, 

absolute values are not of interest. 
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Figure 9: CCD image at 60 deg. Inclination and for +30 deg inclination around the 

optical axis (30 deg incidence angle). Colour bar specifies CCD level in digital 
numbers (DN). [15] 
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Figure 10: Comparison between in flight measured, and expected background [15] 

 

 

CCD conversion factor (CCD_conv) 4.4 µV/el 

ADC Full scale 5 V 

ADC bits 12 

ADC resolution (ADC_res) 1.22 mV/DN 

CCD full well 70000 el 

Gain 17 el/DN 

 
Table 4: A/D converter characteristics [10] 

 

The important conclusion is the fact that parasitic light is reflected on the inner 

side of the baffle and illuminates parts of the CCD even at angles that are well 

beyond the allowed minimum incident angles shown in Table 1. 
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The dramatic discrepancy between expected and measured CCD background 

levels at different incidence angles in electrons per frame is shown in Figure 

10. For Comparison, the maximum allowed background level, for which 

nominal behaviour of the STR is guaranteed from the manufacturer, was set 

to 130 electrons per frame. At 66° incidence angle, the measured background 

level is already 200 to 400 times the expected one, while at 45 deg., the 

background is even 800 times (on average) higher than the expected.  

Thus, even considering the design margin of about 15 electrons per frame, 

the in flight experienced levels are 55 times higher than maximum allowed 

background, for which sensor performance were estimated and S/W 

parameters defined. 

As recovery action, the two system parameters that are used to determine 

variable detection thresholds were increased considering worst cases. 

Theoretical Noise floor is defined by parameter THRESHOLD which was 

introduced in the previous section. It was raised from 0.01008 V/sec to 0.025 

V/sec. Maximum detectable background noise is depending on parameter 

maxBkg which was set from 0.101 V/sec to 0.6 V/sec. If the latter was set too 

low, Background would be detected as signal so that all CCD would be 

processed as illuminated. Maximum detectable backgrounds were provided 

by Galileo Avionica for the two parameter values through in-flight analysis in 

the unit electrons per second. [13] 

 

State Acceptable Background 

[e/sec] [V/sec] 

Beginning of Life 1300 0.093 

Stray light Patch 110000 7.894 

 
Table 5: Min/max ADC noise levels before and after patch 

 

Table 4 gives an overview of the different parameters that are required to 

convert between raw CCD and ADC levels which are calibrated by the gain in 

a way to saturate when CCD level does. In the course of this thesis, TM for 

CCD background mean with ADC unit V/sec will play a significant role so that 
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it is of interest to determine background level changes caused by the 

parameter changes in this specific unit. 

 

Gain

resADCeBkg
VBkg

_sec]/[
sec]/[


      (1) 

 

Acceptable background values are provided independent from integration 

time in electrons per second. Equation 1 can be used to convert acceptable 

background unit to Volts per second. The corresponding Voltages are 

summarized in Table 5. 

Unfortunately, CCD background TM has only a value range from 0 to 5 V so 

that high noise levels are clipped by TM since stray light patch has been 

applied. 
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3. MEX Star Tracker Performance Analysis 

After introducing MEX spacecraft and star tracker, STR performance is now 

evaluated focusing on anomalies that are of high priority to mission 

operations. After pre-processing and analyzing relevant TM parameters, the 

anomalies are further characterized by simulated parameters using attitude 

information. The final step will be a long-term analysis of all relevant cases in 

order to identify similarities and verify conclusions. 

 

3.1 Pre-processing 

The STR1 parameter “current operative mode” was used as an indicator for 

anomalous performance. In order to identify relevant time periods, the 

parameter values for the two earth years 2009 and 2010 corresponding to 

approximately the duration of one Martian year was searched for periods 

where tracking had been lost. The found instances where described by start 

and end time of lost tracking time windows. It must be stated that all 

programming work in the context of this thesis was accomplished with the 

open source platform SciLab.  [14], [21] 

 

 
 

Figure 11: Typing of STR1 tracking anomalies linked to occultation 
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Since the loss of tracking during an ongoing occultation is to be considered as 

a nominal performance, the found instances were classified by investigating 

the relative positions of occultation and loss-of-tracking time windows as 

shown in Figure 11.  

 

Tracking 

lost 

Case 1 Occultations Case 2 Case 3 

(nominal) 

Case 4 

(anomalous) 

Case 5 

2745 1464 1855 2 1216 63 0 

 
Table 6: Number of occurrences 

 

By storing start and end time for both time windows, nominal and anomalous 

time periods can now be distinguished for later analysis.  

Table 6 shows the number of occurrences for the different cases. No 

occurrence for case 5 was found. Case 2 will be neglected as well because 

only two occurrences of short duration were found within two years having a 

negligible impact on spacecraft operation. Case 1 can be considered to 

appear independently from direct occultation. Although this case disposes the 

highest number of occurrences, it will not be taken into account in this study 

since it only exhibits durations without tracking of up to ten minutes which 

does not pose a threat to spacecraft operation. 

 

 
 

Figure 12: Periods without tracking during occultation 
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Except for partial occultations that passed without a loss of tracking, cases 3 

and 4 are assumed to represent all nominal and anomalous behaviors that 

were linked to STR1 occultations by Mars. Figure 12 displays all occurrences 

of case 3 and their durations from loss of track to reacquisition. It is evident 

that the displayed evolution of these nominal cases shows a strong correlation 

with the one for occultation duration shown in Figure 13. In contrast, the 

evolution of loss-of-tracking duration from occultation exit to reacquisition 

shown in Figure 14 does not show a strong correlation. Although there is a 

higher frequency of occurrence at certain times, no direct seasonal effects 

can be identified at first examination. With durations up to four hours without 

tracking after occultation exit, these cases are the most critical ones for 

spacecraft operation. 

 

 
 

Figure 13: STR1 occultation duration periods 

 

In the following, anomalous and nominal STR1 performance linked to 

occultation will be characterized by describing the evolution of TM parameters 

over time for both cases. STR1 reacquiring attitude before occultation exit is 

considered a nominal case. Reacquisition after more than eight minutes after 

occultation exit is considered an anomalous case. This time margin is due to 

the eight minute quantization of AA-attempts by the occultation manager. [8] 



28 

 

Furthermore, the sample cases of each kind were selected several months 

apart from each other leading to different orbital settings in the Sun-Mars-

Spacecraft system and different portions of the celestial sphere covered by 

STR1. This is to ensure that the sample cases are more independent from 

each other in terms of the respective environments and that commonalities 

that are possibly exposed are more conclusive. At the same time, nominal 

and anomalous counterparts were chosen close to each other in order to 

highlight differences at similar orbital settings in the Sun-Mars-Spacecraft 

system. The chosen anomaly samples are highlighted in red in Figure 14 and 

the nominal sample cases are marked green in Figure 12. 

 

 
 

Figure 14: Time to reacquire after occultation exit 

 

3.2 Sample Cases 

3.2.1 Environment from telemetry 

CCD temperature experiences a local maximum during occultation in all 

cases. But the values never climb above -15°C and therefore the temperature 

range for nominal performance from -25°C to 0°C is always respected. Supply 

voltage and current for STR1 are nominal in all cases. 
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In this section, those examples for anomalous AA after occultation exit and 

their counterparts with a nominal reacquisition before occultation exit will be 

investigated by first analyzing relevant telemetry samples linked to STR1 

software performance. [10] 

For better comparison, the same parameters for nominal and anomalous 

counterparts are plotted next to each other. In order to support chronological 

descriptions and differences, the parameter evolution was divided in thematic 

time periods and labeled with roman numerals. 

The two parameters indicating STR1 operative mode and AA/CAD failure type 

dispose a value range from zero to seven. The corresponding meanings are 

described in Table 7. Modes and types that are of special interest for the 

following cases are highlighted in red. 

 

Nr. Operative Mode AA/CAD Failure Type 

0 Initialization No failure 

1 Stand-by Not enough stars in FOV 

2 Self-test Not enough stars matched 

3 Cartography Not enough stars valid 

4 Commanded Q-method not converging 

5 AA/CAD Angular rate not valid 

6 AT/FAD Not enough stars in FOV (predicted) 

7 CCD Health Status Link fail 

 
Table 7: Parameter values and meanings [14] 

 

The first example introduces two cases from October 2009. The various 

parameters are shown in Figure 15 where the left column illustrates a nominal 

and the right column an anomalous reacquisition after two different 

occultations that took place on two consecutive days. If not indicated 

otherwise, the chronology applies to both cases. 

 

I. Before occultation starts, STR1 is in nominal tracking mode (Operative 

mode=6) without any failure (AA/CAD Failure Type=0). The number of 

stars found is limited to nine stars at most which is the maximum 

number of stars that can be tracked in AT/FAD mode.  
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As STR1 blinding by Mars begins, tracking can be maintained at first, 

but the number of stars tracked quickly decreases. At the same time 

more and more tracking windows are flooded with photons from 

illuminated Mars and the number of large objects found increases. This 

is due to the fact the one LO is detected and handled separately by the 

different tracking windows. 

A Link Failure (AA/CAD Failure Type=7) indicates that a star could not 

be detected at the predicted position within the next frame which is 

most probably due to blinding by Mars. 

After having lost the last tracked star, STR1 switches to AA/CAD mode 

(Operative mode=5). From now on, the number of stars found is not 

limited to nine anymore and the TM parameter indicates the number of 

bright objects on the entire CCD identified as a star. During the next 

AA-cycles, a large number potential stars are found in both nominal 

and anomalous cases, but after each of the maximum of six 

consecutive AA-attempts, there are not enough stars matched with the 

ones in the on-board star-catalogue (AA/CAD Failure Type=2). Details 

on the star matching algorithm will presented at the end of this section.  

II. Since all AA-attempts failed and there are LOs within the FOV, STR1 

switches to stand-by mode and the AOCS occultation manager takes 

over from here. It will cause a mode transition to AA/CAD after eight 

minutes with another six AA-attempts until having reacquired attitude. 

During those AA-time-outs in stand-by mode (Operative mode=1) no 

star detection algorithms are carried out. Thus, failure type and the 

number of stars found TM is not valid during those time periods. For 

the sake of clarity, those six consecutive AA-cycles will be handled as 

one single attempt in this section, since they are carried out within 

milliseconds. 

The second AA-attempt after having lost tracking leads to the detection 

of only one LO because the active tracking window in AA/CAD mode is 

now the entire CCD area. No stars are found within FOV as indicated 

by the failure type (AA/CAD Failure Type=2). This configuration 

remains unchanged for the entire occultation period. 
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      Nominal (2009.278)       Anomaly (2009.279) 

 

 
Figure 15: STR1 telemetry for large objects found, operative mode, failure type and 

stars found during nominal case 2009.278 and anomaly 2009.279 
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                  Nominal (2010.093)               Anomaly (2010.093) 

 

 
Figure 16: STR1 telemetry for large objects found, operative mode, failure type and 

number of stars found during nominal case and anomaly 2010.093 
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IIa. Because of the eight minute “sampling frequency” caused by the 

occultation manager, the transition of parameters caused by the 

occultation exit is only detected at the first AA-attempt after occultation 

exit. 

The following AA-attempts remain unsuccessful. Potential stars are 

being found again, but they rapidly vary in number and cannot be 

matched to the ones in the catalogue (AA/CAD Failure Type=2). 

Additionally, one large object is found once after occultation exit. This 

behavior cannot be observed during the nominal case. 

III. The successful AA-attempt after occultation exit brings the failure type 

back to zero (AA/CAD Failure Type=0). STR1 switches to AT/FAD 

mode again (Operative mode=6) and the number of stars found is 

again limited by the maximum number of nine tracked stars. 

 

The second sample case is illustrated by the Figure 16. The nominal and 

anomalous AAs took place on two consecutive days. 

The chronology of events described for the previous case applies here as 

well. After manually viewing multiple other anomalies as well, it can be stated 

that they all seem to have the following commonalities regarding software 

performance: 

After occultation exit, the number of stars found varies rapidly for the different 

AA-cycles. At the same time, the found stars cannot be matched to the 

reference stars in the catalogue.  

Figure 17 gives a low level overview of the different functions which are called 

during each AA/CAD cycle. 

 

 
 

Figure 17: STR1 software procedure from CCD readout to star matching during 
AA/CAD mode 
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During Pre-processing, all CCD pixel signals are read out. Background 

computation will be neglected at this point. All pixels above a certain threshold 

are stored in RLE tables and are considered as lit pixels. Adjacent lit pixels 

are grouped to from clusters. Clusters of pixel size one and a signal above a 

certain threshold are identified as SEUs. Clusters with a pixel size above 36 

are labeled as LO. The remaining clusters are represented by the „number of 

stars found‟ TM parameter during AA/CAD. 

However, only those clusters within the inner circle of the square shaped CCD 

are then selected as candidate stars CStars. In a next step, STR1 software 

determines each CStars total magnitude and the angular distances to the two 

nearest neighboring CStars. These three parameters are then used to match 

the CStars to a corresponding reference star in MEX catalogue. [13], [17] 

According to the failure type during anomaly, this very last step before attitude 

acquisition does not succeed after occultation exit. This can be due to 

measurement inaccuracies of one or more of the three characteristic 

parameters for identifying a star. At the same time, AA/CAD algorithm could 

as well detect false stars making star matching impossible. One indicator for 

this possibility is the rapid variation of number of stars in the FOV within 

milliseconds. 

CCD Background information is a valuable indicator for the influence of the 

surrounding environment on a hardware level. At the beginning of each AA-

attempt, all background information is set to zero. For each frame in AA/CAD 

mode, CCD background mean is updated by a running mean with a four pixel 

neighborhood as shown in chapter 2. This mean value is then applied to 

distinguish between illuminated and dark pixels. Only those pixels with a 

signal lower than then their corresponding four neighborhood mean are taken 

into account for computing global background mean which is shown in Figure 

18. 

In the following, only the chronology of the two anomalous sample cases will 

be described because nominal background evolution during occultation does 

not hold any interesting results: [13] 
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I. In AT/FAD mode, Background noise mean values are continuously 

updated at nominal levels. Before the first detection of a LO after 

occultation starts, the parameter quickly climbs up until tracking is lost 

and STR1 switches to AA/CAD mode. 

 

Anomaly (2009.279)        Anomaly (2010.093) 

 

 
Figure 18: CCD Background mean in relation to occultation and number of LOs 

detected during both anomalous sample cases 
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II. At the beginning of each AA-cycle, all background information is 

deleted. During stand-by, no background data is generated at all so 

that telemetry is only valid at AA instances every eight minutes due to 

the occultation manager. 

During occultation, background mean varies according to the degree of 

illumination by bright Mars displaying a local maximum after 

approximately half of the occultation period. 

III. After occultation exit, background mean drops to values below 0.1 

V/sec, but is still updated each AA-cycle as seen in the bottom plots 

with a higher resolution around the points of interest. For both cases, it 

can be observed that CCD background mean reduces after occultation 

exit as expected as less parasitic photons from Mars enter STR1 baffle 

although the second case displays a more linear decay. 

Surprisingly, in both cases reacquisition succeeds at noise levels of 

0.093 V/sec or 1300 electrons/sec that were specified nominal at BOL 

as has been shown in Table 5. 

After reacquisition, background mean quickly increases which indicates 

that the CCD areas of the tracking windows host a worse signal to 

noise ratio than the overall CCD. 

 

It can be concluded that even after occultation exit, background mean is still 

influenced by stray light from Mars. This could explain false detection of LOs 

after occultation as well as the inability to reacquire due to false star detection. 

Noise levels at reacquisition respect BOL constraints although background 

calculation system parameters have been altered since stray light patch 

application, but these findings need to be generalized and verified by 

simulation and long term data evaluation. 
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3.2.2 Environment from Simulation 

As seen in the previous section, some anomaly characteristics in terms of 

software performance could be determined by identifying commonalities that 

did not occur during two other nominal cases. But telemetry cannot provide a 

complete picture of the surrounding environment that might cause the 

described behavior. 

That is why in the following, orbital parameters, spacecraft attitude and MEX 

star catalogue will be applied to simulate STR1 environment in order to create 

a more complete picture of the two specific sample cases. 

All Software development was carried out by the author during the three 

month traineeship at ESOC. In this regard, the open source MATLAB 

alternative SciLab was used to implement the tools and visualizations 

described in this section. 

 

3.2.2.1 Spacecraft Attitude 

MEX spacecraft attitude was retrieved as two sets of quaternions relative to 

mean equatorial J2000 frame. Their validity is linked to the “auto-guidance 

on/off” parameter and they had to be merged accordingly. For further 

processing, Equation 2 was applied in order to obtain the rotation matrix for 

STR1 reference frame in mean equatorial J2000 frame 2000

1

J

STRT . The spacecraft 

reference frame in mean equatorial J2000 frame 2000J

SCT  was computed using 

the retrieved quaternions and STR1 frame in spacecraft frame was given as a 

fix rotation matrix SC

STRT 1 . 
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STR boresight is aligned with the z-axis of STR reference frame which is 

expressed by the third column of SC

STRT 1 . For two consecutive STR-boresight 

vectors 1b  and 2b  sampled at 1t  and 2t , the angular velocity relative to mean 

equatorial J2000 frame was computed by Equation 3 which was applied to all 

attitude information during the found anomalies. [18] 
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  Anomaly (2009.279)       Anomaly (2010.093) 

 

 
Figure 19: Angular Velocity of STR1 boresight during the two sample anomalies 
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The results for our two sample cases are shown in Figure 19. It is stated in 

the STR User Manual that STR1 is able to track and provide fine attitude 

measurements with full performance for motion rates up to 0.17 deg/sec. 

Here, the maximum rates are well below this threshold. It can be even found 

that in both cases STR1 was not able to acquire attitude during stable 

pointings for more than two hours. Another unexpected commonality is the 

time of reacquisition which coincides with the first AA-attempt after the start of 

a slew maneuver. 

It can be concluded that slew maneuvers at angular rates beyond STR1 

capabilities are not present during the two sample anomalies. In fact, the 

opposite is the case. AA seems to be prevented by stable pointings and 

promoted by slew maneuvers. This could be due to the fact that limiting 

environmental factors like poor sky-quality or stray light effects are held stable 

until a change in attitude takes place, but these findings need to be further 

investigated in a long-term study section with all anomalies taken into 

account.  

 

3.2.2.2 Sky Quality 

Since the number of stars in FOV from TM does not seem to be valid, a tool 

was developed in the course of this study to simulate the same. The only 

input parameters are MEX attitude and star catalogue. With a maximum 

absolute magnitude of +5.3999, MEX star catalogue consists of 3226 bright 

objects providing their magnitudes, and positions in EME2000. 

Figure 20 shows a screenshot of processing one timeframe. All stars from the 

MEX catalogue are plotted onto the unit celestial sphere in EME2000 frame 

relative to MEX spacecraft at the origin. Applying the same transformation 

matrix to MEX spacecraft attitude as in the previous section, boresight attitude 

can be determined and is plotted in black. In the screenshot, STR1 FOV is 

marked red and also normalized at unit distance. As explained earlier, two 

kinds of FOVs are of interest. The circular one with a diameter of 16.47 deg 

and the square shaped FOV with a side length of 16.47 deg angular distance. 

STR1 reference frame at FOV centre is highlighted in red, blue and green for 

x-, y- and z-axis in boresight direction respectively. 
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Figure 20: Tool to determine number of stars in FOV (circular/square) from MEX 
spacecraft attitude/orientation 

 

This way, the TM parameter “Number of stars found” can now be simulated by 

choosing the rectangular FOV and determining the number of stars within the 

square. 

However, the success of an AA-attempt does not depend on the number of 

stars within the inner FOV circle, but the number of triads as explained before. 

Therefore, MEX Triad Catalogue was processed as well in order to determine 

the sets completely within circular FOV without permutations. 

So far, the exact detection threshold is not known. Testing in the past reported 

a worst case where stars with a magnitude above 4.75 where not detected 

after stray light patch had been applied. In the following, this threshold will be 

assumed to be the worst case. The beginning of life threshold of 5.4 will be 

considered as well as the upper border for the best possible case. [15], [17] 

In order to get a best guess in between these two extremes, a statistical 

approach was applied by considering distributions of sky quality for all 1216 

nominal cases. For the worst case detection threshold of 4.75 in absolute 

magnitude, it can be seen in Figure 21 that the statistical distribution for the 

number of stars in circular FOV reports successful reacquisitions after 

occultation for a minimum of two stars. Furthermore, over 25% of the cases 

managed reacquisition with no triads in the FOV. The identification of these 
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impossible cases indicates that the detection threshold was set too low to 

match reality. Therefore it was increased until there were no cases detected 

anymore with reacquisition without any triads in FOV. The drawback of this 

approach is the neglected fact that detection threshold is not constant, but 

also highly depends on whether light is falling directly on a pixel or the corners 

between four pixels. Still, because of the amount of cases, it is highly unlikely 

that there was not at least one case where reacquisition was successful with 

only one triad in FOV. Thus, an absolute magnitude of 5.19 will be considered 

the best guess for detection threshold from here on. 

 

 

 
Figure 21: Distribution of sky quality for all nominal reacquisitions after occultation at 

different detection thresholds 
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Figure 22: Distribution and density plot for number of triads within circular FOV at a 

magnitude threshold of +5.19 for the entire celestial sphere 

 

In a first approach, the celestial sphere in EME2000 frame was scanned by 

boresight steps of one degree with a circular FOV for the number of triads that 

are within FOV at the determined best estimate for detection threshold. 

Results were analyzed according to triad density distribution and plotted onto 

a flat surface by stereographic projection as can be seen in Figure 22. It can 

be concluded that 1.3% of the celestial sphere indicated by the black areas in 

the right hand plot do not contain any triads making AA impossible. 

By plotting STR1 boresight pointings onto the sky-quality map, chronology of 

events can be illustrated taking into account both attitude and encountered 

triad population. 

Figure 23 shows portions of Figure 22 with additional white markers for 

boresight pointings at a frequency of 4 samples per second. One can 

distinguish slew maneuvers from the long stable pointing both times after 

occultation exit. At this point, STR1 would have reacquired in a nominal case. 

In the first case, the boresight points at the border of an area with low triad 

population. However, enough triads are present within circular FOV so that 

AA should have succeeded. This attitude is kept for about 148 minutes as 

indicated by the black text-box. Because of the stable attitude the repeated 

AA-attempts after occultation exit are plotted at the same coordinate. The 

second slew does not lead to a major change in triad population environment, 

but attitude is reacquired shortly after. 
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Figure 23: Chronology of both sample anomalies with boresight direction plotted onto 

projected celestial sphere 
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The second sample case displays a similar behavior. Only this time, three 

slew maneuvers are carried out. One stable boresight pointing of 80 minutes 

takes place during occultation, the second one after occultation exit for 44 

minutes before reversing direction during the third slew which also leads to 

reacquisition without a significant change in triad density. 

The biggest drawback of Figure 23 is the low resolution of only one degree in 

spherical coordinates which gets worse towards the equator. This is why in a 

second and more accurate approach, STR1 attitude information was used 

directly to determine sky quality parameters. Namely, the number of stars 

within the square FOV for comparison since the failure type “Not enough stars 

matched” indicates that the telemetry still represents the number of stars 

found on the entire CCD. As well as the number of triads within the virtual 

inner circle of the CCD. Both simulations were carried out for worst-case 

(4.75), best-case (5.40) and best guess (5.19) detection threshold. The results 

are displayed in Figure 24. In order to put the parameter evolution in a 

chronological context, failure type and operative mode were chosen as 

indicators for the start and end of anomalous behavior marked by the dashed 

lines in red at occultation exit and green at reacquisition respectively. 

In both sample cases, the number of stars from telemetry varies and not 

always stays within the borders of simulated star number for minimal and 

maximum magnitude threshold. This can be taken as a proof for false star 

detection because more stars are found than there are in MEX catalogue at 

times. The number of triads from simulation stays constant during the stable 

pointing. For worst-case magnitude threshold, the number of triads even goes 

down to zero which would make AA impossible. The observation from Figure 

23 can also be confirmed at this point, namely the slew maneuver leading into 

regions with more triads in circular FOV and the following AA-attempt 

succeeding. 
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      Anomaly (2009.279)       Anomaly (2010.093) 

 

 
Figure 24: Simulated stars in FOV vs. Telemetry for anomaly 2010.093 

 

In a final step, the tool to determine number of triads in FOV was further 

improved by adding a function that projects all stars in the FOV onto a flat 

surface by stereographic projection. In order to minimize distortions, FOV 

centre was first rotated towards the negative pole of J2000 unit sphere. The 

two dimensional coordinate reflects STR1 reference frame with pixel number 
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as units. The contained triads are plotted by connecting involved stars which 

display their reference catalogue ID and magnitude. The first row of Figure 25 

shows the simulated triad and star environment at failed AA after occultation 

for a detection threshold of 5.19 in absolute magnitude. The second row 

displays the environment at successful AA for the same settings. 

 

     Anomaly (2009.279)    Anomaly (2010.093) 

 

 
Figure 25: Simulated stars and triads on STR1 CCD at failed and succeeded 

instances for both anomalies 

 

Again, the increase in triad number can be verified for the two sample cases. 

If it is assumed that a triad is detected only as reliable as its faintest star, 

there is a climax in triad quality to be observed as well. During failed AA for 
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anomaly one, the single triad contains two stars which are close to the 

detection threshold which is not even the worst case threshold. If one of the 

stars is not detected, the entire triad and therefore the other two stars will not 

be matched. Additionally, it was shown by in-flight data analysis that position 

and magnitude measurement become more inaccurate the fainter the 

magnitude. Inaccurate position determination would cause inaccurate angular 

distances between the star triplets which would also result in the triad not 

being matched with the catalogue reference. The two instances at successful 

AA on the other hand show the presence of at least one triad where all stars 

are even brighter than worst case detection threshold. 

After looking at the two sample anomalies with focusing at the number of 

triads within FOV as a measure of sky quality, it can be concluded that in both 

cases false stars are being detected at times which might prevent triad 

matching if the false star is closer to an actual star than its catalogue triad 

neighbors. Parasitic incident stray light from Mars Albedo might be 

responsible for this effect which will be investigated further in the next section. 

In both examples, slew maneuvers lead into regions with a higher triad 

density. However, during stable pointings simulated triad number should allow 

reacquisition except for worst-case detection threshold where no triads are in 

circular FOV, but this needs to be further evaluated by a long-term study 

taking into account all 63 anomalies from 2009 and 2010. 

 

3.2.2.3 Stray Light 

Previous investigations of the anomalous sample cases suggest that parasitic 

stray light may be responsible for CCD background increase, false star 

detection and therefore the inability to reacquire. In this section, the two 

possible stray light sources Sun and Mars will be analyzed by characterizing 

their relative positions towards MEX spacecraft and STR1 boresight. 

Because of performance problems in the past due to an excessive sensitivity 

of STR1 optical system towards stray light, minimum Sun-Boresight Angle 

was raised from 45° to 60° and the already described Stray light Patch was 

applied. As seen in Figure 26, minimum angles are respected at all times 
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during the sample anomalies. At angles above 90°, no stray light from direct 

sun light can be expected to be incident on STR1 CCD. [15] 

 

      Anomaly (2009.279)       Anomaly (2010.093) 

 

 
Figure 26: Sun-Boresight Angle during both sample anomalies 

 

But at the same time, large Sun-Boresight Angles like in these cases cause 

STR1 to be occulted by an almost completely illuminated Mars as pointed out 

by Figure 27 displaying a case where MEX FOV marked by the light blue 

cone mostly covers Mars day side. But the percentage of illuminated Mars 

within MEX FOV not only depends on the angle between Sun, Mars and MEX 

spacecraft, but also on the distance between Mars and MEX spacecraft 

because the total Mars area in MEX FOV decreases with the distance. 

 

 
 

Figure 27: Illuminated portion of Mars in MEX FOV depending on orbital parameters 
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These two parameters where applied to a geometrical model shown in Figure 

28 that computes the share of illuminated area Marsday AA /  within MEX FOV. 

The side view on the left shows Mars with the sun light being incident from the 

left hand side. Thus day-night transition lies orthogonally towards direction of 

incidence. MEX spacecraft is visualized by a point with a certain distance from 

Mars centre. MEX FOV position relative to Mars day-night transition is then 

characterized by the angles: 

 

 90SMM         (4) 
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Where 

SMM  = Sun - Mars - MEX Angle 

MR  = Mars Radius 

MMR  = Distance Mars Centre - MEX 

 

 

 
 

Figure 28: Geometrical Model to determine illuminated portion of Mars as seen from 
MEX spacecraft 
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The point of view from MEX spacecraft is illustrated by the right hand graphic. 

The faint grey ellipse is to demonstrate that MEX FOV does not necessarily 

cover half of Mars area depending on the distance between the two. Three 

areas are of interest here: 
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It must be stated that Figure 28 only shows an example setting for the MEX-

Mars-Sun orbital system. The two areas described by Equations 7 and 8 are 

not necessarily night and day area respectively. Which of the two is 

illuminated depends on additional conditions that take into account all 

possible cases: 

 

00
2

 dayA


       (9) 

topbottomday AAA  0       (10) 

topbottomday AAA   2       (11) 

Marsday AA  2        (12) 

 

It must be added that MEX FOV is not equal to STR1 FOV. This approach 

only determines the outputs for the FOV along MEX-Mars connecting line. 

Although both FOVs directions approach each other during occultation, it will 

take another step, to find a measure for setting illuminated Mars and STR1 

FOV into relation. [20] 
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Figure 29: Tool to determine minimum stray light angle from MEX spacecraft 
attitude/orientation, Mars and Sun Position 

 

Figure 29 illustrates this particular step. The fix coordinate system is again 

EME2000 frame with MEX at the origin and STR1 FOV marked by red square 

and circle. Parts of the tool to determine the number of triads in FOV was 

reused. Only this time, input parameter is not star or triad catalogue, but Mars 

and Sun Position. These inputs can be used to plot the portion of Mars in MEX 

FOV normalized at unit distance in black as well as the Mars terminator line 

indicating illuminated area edges in yellow. These edges consist of 360 vectors 

which are searched for the one vector that holds the smallest angular distance 

from STR1 boresight. In case of Figure 29, the particular vector and boresight 

direction are plotted in black. 

It must be added that results of this method are not of great accuracy and are 

not valid as soon as STR1 FOV is partially occulted by bright Mars. But by this 

procedure, it might be possible to detect correlations between the quality of stray 

light environment and AA performance after occultation exit. 

Figure 30 helps to better understand the relation between the various orbital 

parameters and their impact on stray light environment. The chronological series 

of 6 graphics illustrates the stray light environment during sample anomaly from 

2009. The same parameters that were explained in the example from Figure 29 

are plotted at each time instance. 
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Figure 30: Chronology of events for anomaly 2009.279 with simulated Mars in MEX 

FOV and the determined minimum stray light angles 

 

It can be seen that until occultation exit, the portion of Mars inside MEX FOV is 

completely illuminated. At occultation start, STR1 FOV is not occulted yet which 

can be explained by safety margins from ESOC‟s flight dynamics department 

who provide the occultation periods. The actual loss of tracking coincides with 

STR1 FOV crossing the terminator line. This would indicate that STR1 

performance is much more robust in AT/FAD mode since tracking is maintained 

at very low stray light angles. This could be due to the fact that tracking windows 



53 

 

around predicted star position for the next frame minimize the risk to detect false 

stars that are close enough to prevent triad matching. 

The slew maneuver is completed inside occultation which means occultation exit 

is only due to MEX orbit at a stable orientation. Minimum stray light angle 

increases constantly and Mars in MEX FOV is not fully illuminated anymore. At 

the same time, Mars in MEX FOV becomes smaller because of an increasing 

distance. Nevertheless, STR1 continuously fails to reacquire attitude until the 

second slew. 

Continuous stray light analysis of both sample anomalies is provided by Figure 

32. Parameters are plotted from occultation start to reacquisition. As already 

seen in the visualized approach of Figure 30, calculated occultation start and exit 

times contain some safety margin. Minimum stray light angles below half of 

STR1 FOV are considered invalid because of direct illumination of the CCD and 

are not plotted. Now the determined parameters are connected with CCD 

background mean and two more important parameters that are involved in 

creating stray light environment, namely the illuminated portion of Mars and the 

distance between MEX spacecraft and Mars shown in Figure 32. 

 

Anomaly (2009.279) 
 

 
 

Figure 31: Number of SEU during Anomaly 2009.279 

 

Because of the many factors with different evolutions, it is hard to isolate distinct 

correlations for the first sample case. Its Background Mean evolution is also 

disturbed by the occurrence of many SEUs during anomalous performance as 
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shown in Figure 31. The resulting spurious events and blooming effects prevent 

the decrease in background mean as a function of minimum stray light 

parameters.  

The second sample case suits the purpose of analyzing the relation between 

stray light and CCD background noise in a better way because MEX spacecraft 

approaches orbital Apsis and therefore variation of distance to Mars and 

illuminated portion is less dynamic than for the first sample case where the 

Periapsis is crossed. Additionally, there are no SEUs reported from TM for the 

relevant time period. That in mind, some correlation between stray light 

parameters and background noise evolution is evident, but will be characterized 

later on.  

All these approaches are only elementary approximations that do not provide 

any exact numerical solutions, but become more conclusive at large angles and 

distances. It could be demonstrated that minimum stray light angles are not the 

key driver for probability of reacquisition in these cases. Nevertheless, some 

degree of correlation between stray light environment and global background 

mean evolution could be observed that needs to be further investigated. 

From the detailed analysis of the two sample cases, it seems to be most 

probable that interplay between constantly bad sky quality in terms of triad 

density and varying stray light environment at a stable pointing causes the 

inability to match the detected stars to the catalogue reference stars over a long 

period of time. Minimum stray light angle seems to depend more on orbital 

movements. The slew maneuvers that cause environment changes and 

reacquisition do not necessarily provide beneficial stray light conditions but 

increase the number of triads within FOV. Since the number of triads is at all 

times above zero except for worst case detection threshold, star matching 

seems to be a matter of probability highly related to triad quality, stray light 

environment and resulting CCD background condition. In the long-term analysis 

section, the relation between the simulated parameters and background noise 

will be further investigated. 
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     Anomaly (2009.279)      Anomaly (2010.093) 

 

 
Figure 32: Simulated Parameters and their relation to CCD Background Mean 
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3.3.1 Stable Pointings 

When examining the sample cases, it was observed that in both examples the 

point in time where a slew maneuver was carried out after a long period of 

stable attitude coincided with STR1 reacquisition. 

From this observation, it is expected to see a linear relation between time 

without tracking and time with stable attitude if looking at all 63 case 4 

anomalies found in the pre-processing section, namely anomalies with 

reacquisition after occultation exit. To verify this relation, all 63 periods from 

occultation end to reacquisition were searched for stable pointings and their 

determined length was plotted against the time in AA/CAD mode after 

occultation exit from Figure 14. The results can be seen in Figure 33. 

Samples with a stable pointing longer than eight minutes are marked red. 

Only those samples are sufficient to show a relation. Because of the time-outs 

from the occultation manager, a minimum in stable pointing duration is 

necessary to guarantee that two consecutive AA-attempts are taking place 

within this period. 

 

 
 

Figure 33: Time without tracking after occultation exit plotted against the time with a 
stable boresight pointing 
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All samples with a stable pointing longer than eight minutes display some 

linear relation between time of stable pointings and time without tracking 

which confirms the assumption that slews seem to lead STR1 boresight into 

less hostile environments which remain to be specified. 

All anomalous periods were also checked for boresight angular rates critical 

for STR1 operation, but the velocities stay within a range from 0 to 0.16 

deg/sec which is well below the critical rate of 0.17 deg/sec specified by the 

manufacturer. 

 

3.3.2 Sky Quality 

By presenting the two sample cases, it was shown that the number of triads 

within FOV went down after occultation exit. Due to stable pointings, the 

number of triads stayed constantly at a low level until a second slew 

maneuver was carried out which led into a region of higher triad density. For a 

long-term analysis, the quaternions for all 63 case 4 anomalies from 2009 and 

2010 were extracted. They were assigned a status parameter to timestamp 

samples of special interest like failed AA-attempt, succeeded AA-attempt, 

occultation exit and so on. Because of the long time periods in AA/CAD mode 

terminated by a single successful attempt, 835 failed and 63 successful AA-

attempts were determined this way. When plotting all failed and succeeded 

AAs onto the sky-quality map from Figure 22, it should give an impression of 

the distribution of pointings. If the number of triads is a main indicator for 

probability of AA success, pointings for failed AAs should be located in areas 

with low triad population. 

Figure 34 gives a good first overview on the relation between triad density and 

STR1 performance after occultation. Many Clusters of failed AA-attempts can 

be observed in or near regions without any triads like around spherical 

coordinates (160°, 350°), (100°, 175°), (140°, 50°) or (30°, 120°). At the same 

time, there are multiple cases, where AA failed although enough triads are in 

FOV according to the selected detection threshold like for example at (155°, 

200°) or (50°, 200°). The boresight pointing directions for successful 

reacquisitions after an anomaly are not always located in regions of higher 
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triad density like in (175°, 85°) or (50°, 125°). Reasons for these unexpected 

distributions could be that triad density is not the main driver for probability of 

successful AA. But other explanations could be the low resolution of the map, 

a changing detection threshold that depends on current CCD background 

noise and differences in triad quality like star magnitudes that are not 

considered in this approach. So unfortunately, distribution of pointings does 

not exhibit any clear relation between triad density and AA success. There are 

regions with low triad population which gave rise to multiple AA failures, but 

there are examples of successful AAs in that same region as well. The density 

of AA-attempts can also be misleading because many attempts close-by do 

not necessarily indicate an area with high probability of failure since the area 

might have been encountered more often due to consecutive failures, 

repeated maneuvers or gentle orbit evolution. 

 

 
 

Figure 34: All failed and succeeded AA attempts after occultation exit for anomalies 
2009 and 2010 

 

When simulating the exact number of triads in circular FOV not only for all 

failed and succeeded AAs during an anomaly, but also during nominal 

reacquisition, more information can be gathered from Figure 35. The 

uppermost plot shows the number of triads within FOV where reacquisition 
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succeeded at the end of a nominal case 3 in per cent of all 1216 nominal 

cases. 

 
 

Figure 35: Statistics on number of failed and succeeded AAs after occultation exit 
plotted against number of stars within circular FOV 

 

As expected, the shape approximately matches triad number distribution for 

MEX star and triad catalogue shown in Figure 21 because the high number of 

cases spread over two years leads to a rather homogenous distribution of 

boresight pointings. The distribution‟s mean is located at about 13 triads as 

shown in Table 8. 

The second plot shows the distribution for all 63 successful reacquisitions 

after an anomaly and the third plot shows the distribution for all 835 failed AAs 

during the 63 anomalies. It is evident that the weights are clearly shifted 
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towards fewer triads when AAs failed. This is also confirmed by mean and 

standard deviation provided in Table 8. 

The number of successful AAs after an anomaly displays this shift as well, but 

this might be due to the fact that at the end of an anomaly it is more likely to 

be located in an area with fewer triads in FOV than at nominal reacquisition.  

A final step was undergone to characterize triad evolution during an anomaly. 

This was approximated by determining triad number at two different time 

samples from each anomaly. The first time instance is located at the middle of 

anomalous period. As shown in the previous section, anomalous time periods 

are accompanied by stable pointings. Thus, the found triad number should be 

representative for triad density at the beginning of anomaly. The second time 

instance is located at the point of reacquisition. If the number of triads at the 

first time instance is subtracted from the number of triads at the second time 

instance the sign of the difference indicates an increase or decrease in triad 

number towards the end of an anomaly. This was done for all 63 cases and 

the distribution of results is plotted in Figure 36 next to an example that 

graphically explains the mentioned procedure. 

 

 
 

Figure 36: Difference in triads in FOV between Reacquisition and first failed AA for all 
63 case 4 anomalies 

 

If in most cases an increase in triad density due to slew maneuvers had 

caused successful AA, distribution would have been more concentrated on 

the right hand side of the plot. But most of the cases do not display a 

difference in triad number and distribution mean is located near zero. There 
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are even cases where triad number decreased significantly right before 

reacquisition. 

It can be concluded that for more than 7 triads in FOV probability of AA failure 

after occultation exit is below 5%. Anomalies are much more likely to occur in 

areas of low triad density and an increase in triad number is not the key driver 

for an end of anomalous performance. 

 

Type (Case) Mean 
[Number of Triads] 

Standard Deviation 
[Number of Triads] 

 

Reacquisition 
(Nominal Case 3) 

13.661 7.429 

Reacquisition 
(Anomalous Case 4) 

10.238 8.82 

Failed AA 
(Anomalous Case 4) 

3.765 2.612 

Increase at 
Reacquisition 

(Anomalous Case 4) 

1.524 8.901 

 
Table 8: Number of Triads Distribution Statistics for various cases 

 

3.3.3 Stray light Effects 

Analyzing the two sample cases has shown that the minimum angle between 

STR1 FOV and illuminated Mars has an influence on CCD background noise 

which could be responsible for lower detection thresholds, inaccurate 

measurements or false star detection. Other parameters like MEX-Mars 

distance or illuminated portion of Mars have also been simulated since it is 

likely that they have an influence on stray light magnitude as well. 

Figure 37 is a good indicator for minimum stray light angle having a big part in 

STR1 being unable to reacquire. Considering stray light test results that were 

presented in Figure 10, it is obvious that probability for reacquisition peaks 

between 60° and 70° where CCD background Mean drops down to nominal 

values causing less disturbance for STR1 performance. The decay in 

probability of occurrence after the peak can be misleading. In fact, it simply 

indicates that it becomes more and more unlikely to experience anomalous 

STR performance at angles beyond 70°. 
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Figure 37: Statistical Distribution of Minimum Stray light Angle for all successful and 
failed AA attempts during case 4 anomaly 

 

On the other hand, distribution for failed attitude acquisitions are concentrated 

around small stray light angles although the plot could also be interpreted in a 

way that it only shows distribution of anomaly duration after occultation exit. 

But this interpretation implies that minimum stray light angle is linearly 

increasing after occultation exit which it does not since its computation is 

depending on many orbital and attitude parameters. Stray light angles beyond 

90° are obsolete since no photons from Mars Albedo can be incident on the 

CCD at this setup. The occurrence of these high angles is another piece of 

evidence that stray light is not the only driver for acquisition probability. 

So beside Triad density, CCD background seems to be the main driver for the 

occurrence of an anomaly. Still, so far there has not yet been a clear 

correlation between stray light factor and background evolution. This is why in 
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the following, it will be attempted to simulate CCD background mean as a 

function of stray light parameters to a first estimation. 

Stray light from direct sunlight will be neglected because only a few cases 

were found where the angle between Sun-MEX direction and STR1 boresight 

went below 90°. 

So the four candidates for CCD background mean simulation input are: 

 

- Mars degree of illumination 

- minimum stray light angle 

- MEX-Mars distance 

 

Because of the various factors, it is difficult to isolate single dependencies. 

This is why all time samples have been identified where two of the three 

candidates are relatively stable in order to investigate the third one in relation 

to background noise TM. By this method, no relations were detected between 

background noise and Mars degree of illumination which leaves only two 

candidates. 

 

 
 

Figure 38: Minimum stray light angle vs. CCD Background Mean for two different 
distance ranges 

 

Time samples where MEX position is located near orbital Apsis were selected 

next because of the local minimum in distance variation. This configuration 

nicely suits the investigation of relations between Background Noise TM and 

simulated minimum stray light angle. The result is shown in Figure 38 and 
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displays an inverse proportional quadratic relation between background noise 

and minimum stray light angle. 

In addition, this dependency is modulated by the MEX-Mars distance which is 

in line with inverse square law. This in mind, it is assumed that background 

mean TM evolution can be fitted by simulated parameters through  
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       (13) 

 

Where 

:Bkg  CCD Background Mean TM 

.,ba  Scaling Factors 

:  Minimum Stray light Angle 

:MMd  Distance MEX – Mars 

 

 

       Anomaly (2009.279)         Anomaly (2010.093) 

 

 
Figure 39: CCD Background Mean TM and simulated for the two sample anomalies 
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Going back to the two sample cases, relation between stray light and 

background noise magnitude now becomes apparent by looking at Figure 39. 

Simulation was fitted to TM by least square method and is plotted in red. 

Except for the temporary increase due to SEU detection in the first sample 

case, TM can be matched decently by this first approach even for small noise 

levels as shown in the bottom plots at a higher scale.  
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4 STELLA Star Tracker 

STELLA is a star tracker for pico and nano satellites developed at the 

University of Würzburg. The future application of being implemented in pico 

satellite systems requires a highly integrated design resulting in very small 

dimensions as shown in Figure 40. At this point, no in-flight data exists yet for 

empirical investigation of system behavior towards hostile environments. Still, 

the different system can be generically used to point out advantages and 

disadvantages in terms of expected system behavior in the presence of 

similar conditions that were experienced by MEX STR. 

 

 
 

Figure 40: STELLA Star Tracker for pico satellites 

 

This is why in the following, general STELLA STR functional design and 

hardware implementation will be introduced comparing relevant properties to 

MEX STR. After conveying a basic understanding of the differences between 

MEX and STELLA STR system design, the latter will be analyzed with regard 

to expected performance in the presence of false star detection and stray light 

patterns. 

A first impression of STELLA performance given by Table 9. Characteristics 

like power consumption, dimensions or mass were designed to suit 

constrictions of pico satellites. 
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Parameter  Wert  

Accuracy  (estimated)  0.01° pitch/yaw, 0.04° roll  

Power Supply  3,3V  

Power consumption  200mW  

Dimensions exl. Baffle  60 x 46 x 58mm3  

Mass exl. sample Baffle  120g  

Qualif. Temperature  -25°…+55°  

Lifetime in LEO  2 years  

Output data rate  4Hz  

Main interface  CAN 2.0B  

 
Table 9: STELLA Technical Characteristics [23] 

 

 

4.1 Hardware Implementation 

STELLA hardware layout comprises of the optical system, baffle and three 

circuit boards which are highly integrated due to space limitations of pico 

satellite applications. 

 

 
 

Figure 41: STELLA Star Tracker Hardware Components [23] 

 

The Image Sensor on the Sensor board is of CMOS type. A functional block 

diagram is shown in Figure 41. In opposition to MEX STR CCD, CMOS 
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sensors accomplish much higher readout rates, consume only small amounts 

of power and feature little temperature noise, but are less sensitive due to a 

low fill factor. Image Acquisition and Processing is handled by a FPGA and 

DSP mounted on the Sensor board and the Processor board respectively. 

SRAM and Flash Memory are used for buffering and storage of the star 

catalogue. 

The Service Board with two redundant microcontrollers is concerned with TM, 

TC and housekeeping management and power control. In order to minimize 

production cost, all components used in STELLA are industrial versions of 

commercial low cost components. 

 

4.2 Attitude Determination Algorithm 

As explained in the 2nd chapter, MEX STR uses a variable threshold to 

determine active pixels. STELLA STR on the other hand works with fix 

threshold which is commanded from ground. 

Figure 42 shows an example of STELLA image sensor after exposure. Pixels 

with signals above the fix threshold are marked with „1‟, dark pixels with „0‟. 

MEX STR accomplished segmentation with an accurate but computationally 

intensive clustering algorithm that grouped adjacent units. STELLA 

segmentation algorithm is realized with an „L‟-shaped operator that is slid over 

each sensor row.  Active pixels in the operator field „e‟ without any active 

neighbors in the fields „a‟ to „d‟ are assigned an increasing segment 

identification number. Active pixels with active and already labeled neighbors 

are assigned the same segment identification number. This way all segments 

on the image sensor can be distinguished after the operator scanned the 

entire image. 

After segmentation, possible large objects or SEUs are identified by weighting 

segment pixel size and magnitude. STELLA STR is not designed to acquire 

attitude with large objects within FOV and aborts attitude acquisition when the 

corresponding flag is set. 
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Figure 42: STELLA STR Segmentation Algorithm [23] 

 

 
 

Figure 43: STELLA circle pattern algorithm for star field identification [23] 

 

Unlike MEX STR, STELLA uses a circle pattern algorithm to identify the star 

field. The functionality is displayed in Figure 43. First the reference star „Si„ is 

chosen which is closest to STR boresight. A circle with radius „R‟ is assumed 

with „Si„ at its center. A second circle of radius „Rmin‟ is added to receive 

conclusive results. Any other star than „Si„ within this inner circle will be 

disregarded during the rest of the process. Now a number of circles with 

steadily increasing radii are drawn around the same center and in a last step, 

starting with the innermost circle, those with one or more stars within their 

boundaries are labeled „1‟. The rest is labeled „0‟ leading to a unique binary 
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pattern. In actuality, a large number of circles is implemented. Here, it is only 

reduced for clarity reasons. 

The obtained binary pattern is then applied to a tournament algorithm which 

identifies the star in the onboard catalogue that has the most overlappings. 

For every reference star, a unique bit pattern is stored in the catalogue. This 

procedure is illustrated by Figure 44 where every reference star that has a bit 

in its reference bit pattern that was set by the circle pattern algorithm is 

awarded with one „point‟. If the algorithm is completed, one star must have the 

most points which is reference star „744‟ in this example. 

Attitude determination, validation and generation of quaternion sets does not 

vary much from MEX STR algorithm. Past attitude data is also used for 

attitude validation and quaternion are derived in J2000. But unlike MEX STR, 

STELLA does not switch to an AT/FAD mode since it is always acquiring 

attitude without a priori knowledge. 

After introducing basic principles of STELLA STR design approach and 

comparing STELLA and MEX system counterparts, comparative 

considerations regarding both attitude determination algorithms will be 

presented in the conclusions section. [23] 

 

 
 

Figure 44: STELLA Tournament Algorithm [23] 
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5 Conclusions 

In the course of this thesis, MEX spacecraft, star tracker and applied patches 

have been introduced before analyzing STR performance with an emphasis 

on anomalies during acquisition phase. The analysis was carried out for 

performances during the years 2009 and 2010 corresponding to the duration 

of approximately one Martian year. Various anomaly cases were defined by 

setting time of occurrence in relation to occultation periods during which STR 

was blinded by Mars. One case was identified as of utmost priority due to long 

acquisition time-outs after occultation. 

Two sample anomalies of this particular type were compared to two nominal 

performances under similar conditions in terms of orbital configuration. 

Processing relevant TM parameters, common preferences could be 

determined for the two sample cases in opposite to the two nominal cases: 

 

- slowly decreasing CCD background mean above nominal values 

- false detection of large objects 

- number of detected stars varies significantly within milliseconds 

- stars cannot be matched with reference stars in the onboard catalogue 

 

Environment from TM was completed by simulated parameters. STR 

boresight velocity was computed and found to respect allowed maximum 

rates at all times. Long stable boresight pointings after occultation exit and the 

instantaneous success in AA after the start of a slew maneuver was both 

sample anomalies in common. Therefore it was concluded that negative 

environmental conditions which remain to be specified and prevent nominal 

STR performance are highly depending on MEX attitude. Apart from the 

number of stars or triads within STR FOV, stray light from Mars Albedo was 

suspected to be an issue being aware of previous performance problems in 

that matter. 

Using the open source platform SciLab, a software tool was developed to 

simulate the number of stars and triads within circular and rectangular STR 

FOV. Considering all processed nominal acquisitions during the two years 
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analyzed, a statistical approach was applied to determine a best guess for 

STR detection threshold during AA/CAD. The found value was then utilized to 

identify gaps in MEX triad catalogue and to simulate the number of triads 

within FOV during the two anomaly sample cases. This way the detection of 

false stars could be proven because TM displayed larger numbers than the 

ones determined at best case detection threshold. The number of triads in 

FOV was found to be low, but sufficient for AA in both cases. 

Therefore, the anomalies must be caused by multiple factors. The software 

tool was extended so that it could determine parameters relevant for stray 

light magnitude characterization additionally using positions of Mars and the 

Sun in a common reference frame. For both sample cases, a correlation 

between obtained stray light parameters and CCD background noise TM 

evolution was observed. 

In a second step, the findings were generalized by a long-term analysis of all 

anomaly cases. Concerning sky quality in terms of triad density, it was found 

that for more than 7 triads in FOV probability of AA failure after occultation exit 

is less than 5%. Therefore, triad number cannot be identified as the main 

driver, but is an important factor for AA success. 

Finally, stray light analysis was extended for all anomaly cases and it could be 

demonstrated that AA failure is most likely for small incident angles. 

Distribution of successful AAs peaks at around 70° incidence angle which 

coincides with results of in-flight background noise analysis. At this angle, 

background mean reaches nominal levels of approximately 0.093 V/s. In order 

to verify this approach and relation between CCD noise evolution and stray 

light parameters, a mathematical model was developed to simulate 

background mean and was successfully fitted to TM. 

The acquired results have shown that the key factors for STR being unable to 

reacquire attitude after occultation are limited number of triads within FOV and 

stray light from Mars Albedo causing increased CCD background noise. 

Therefore it is most likely that parasitic stray light patterns on STR CCD are 

falsely identified by STR S/W as stars or large objects depending on shape, 

direction and magnitude. This would also explain the varying number of 

detected stars due to CCD shot noise which is added to the stray light 
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induced offset. To prove that stray light patterns can lead to the detection of 

false stars and large objects, STR background noise computation algorithm 

was simulated with SciLab for different stray light pattern shapes shown in 

Figure 45. The top row shows background noise evolution over the center 

CCD row plotted in black. Pixel signals are normalized and not reflecting 

actual noise signals. Their purpose is just to demonstrate qualitative 

distributions of magnitudes. In the first case, background noise algorithm 

starting at the first pixel is able to detect all signals as noise plotted in red. In 

the second and third cases however, background noise algorithm is unable to 

detect noise levels that are increasing along the row. This can lead to false 

star detection in the second case or the detection of a false large object in the 

third case. 

  

 
 

Figure 45: Background Noise determination for three different Stray light 
Pattern Shapes 

 

There are numerous reasons why triads could not be matched with their 

references from onboard catalogue. Any falsely detected star can prevent 

triad matching if it is closer to an actual star than its actual neighbor since 

triads are identified by the angular distances to their nearest neighbors. If Star 

1 in Figure 46 was to be identified by the triad “Star 1 – Star 2 – Star 3” then 

the falsely detected star would be closer to Star 1 than Star 3 and the onboard 
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catalogue was searched for triad “Star 1 – Star 2 – False Star”. This 

explanation implies that triad matching in the presence of stray light is a 

matter of probability depending on number and position of false stars and 

triads. 

 

 
 

Figure 46: False Star detection preventing Star 1 identification 

 

The increased background noise level also has other malicious consequence. 

Magnitude and position measurements become more inaccurate especially 

for faint stars as in-flight analysis has shown. Stray light patterns in vicinity of 

a star can disturb computation of the geometric barycenter which leads to 

invalid triad properties. Reduced Signal-to-Noise Ratio lowers the detection 

threshold so that faint stars could be falsely detected as noise. Contemporary 

blinding of CCD cells could also lead to false detection of hot pixels and 

disturb magnitude measurements. [13], [17] 

It is most likely that many of these factors play a significant role in the 

analyzed anomalies although the exact composition may be unique from case 

to case. In the next section, some recommendations will be made with the 

goal to minimize future anomaly occurrences.  

Obviously, MEX STR and STELLA are not comparable in terms of accuracy 

or computational power. Both systems were designed for different 

applications and environments. The following considerations rather concern 

differences in attitude determination algorithms. This way, it is possible to 

draw conclusions about system robustness under adverse conditions. 

MEX STR performance analysis has shown that altering system parameters 

that influence complex processes like variable detection threshold 

computation can have unpredicted effects system performance. The main 
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effect of an increase in detection threshold resulted in the ability to interpret 

stray light patterns as high noise areas instead of large objects. A straight 

forward approach of a ground commanded fix threshold like implemented for 

STELLA STR holds the advantage of a more transparent design and the 

ability to react more directly to changing background noise conditions. 

The geometric pattern recognition algorithm of MEX STR was proven to be 

sensitive to false star detection since one false star could prevent the 

identification of multiple triads depending on its relative position. STELLA STR 

circle pattern is expected to be more robust towards this effect. Of course, a 

circle bit pattern is only as robust as there are stars in the FOV. But given 

there are, one false star could not prevent the correct identification of the 

center star because of the tournament algorithm through which still enough bit 

matches could be collected by the correct reference star. The only case 

where a false star would almost definitely prevent attitude determination is 

given when it is detected in the FOV center because then a false star bit 

pattern would be generated. 
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6 Recommendations 

It was shown that anomalies of long durations only occurred at times where 

STR FOV was pointed in the same direction for a long time. This is why the 

most obvious approach would be to avoid those stable pointings during 

AA/CAD mode. Different portions of the celestial sphere and dynamic 

minimum stray light angles not only driven by slow orbital evolution would 

drastically increase the probability to encounter an environment which 

enables AA. One option could be to carry out minor low-power slew 

movements with the reaction wheels. In a more time consuming approach, 

occultation periods would have to be calculated for the future and taken into 

account during mission planning. But at the same time, it would also suffice to 

revise attitudes for stable modes like “warm-up” so that STR boresight is 

pointing at celestial regions with higher triad density. 

Implemented FDIR schemes should be revised as well making more use of 

the redundant secondary STR unit. During strong Stray Light environment, 

switching to the secondary unit could lead to a more undisturbed 

performance. 

Another solution could be to extend MEX triad catalogue as already 

suggested by Flight Dynamics Department in order to fill the gaps in the 

presented triad density map. In this context, it should be tried to avoid triads 

with faint stars that could fall below noise level in the presence of stray light 

environment. [17] 

The most debatable approach would be to remove the applied stray light 

patch. A removal would drastically increase the number of triads that could be 

detected by STR during AA/CAD without a question. The two anomaly sample 

cases have shown that CCD background noise went almost down to noise 

levels that were defined nominal before stray light patch application. 

Therefore one could consider the anomalies as a worst case situation in terms 

of triad environment where optimal noise conditions must be given in order to 

reacquire. In other cases, stray light patch enabled reacquisitions where the 

original system would have detected large objects. It is to be test in-flight 

which configuration provides the best results on a long-term. [15] 
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7 Future Work 

This performance analysis was mostly dealing with a specific kind of anomaly 

for STR1. In the Pre-processing section, different anomaly cases were 

characterized. Although the other cases were shorter in duration and 

therefore less critical for the mission, it could be insightful to further 

investigate them, especially the one without any occultation and therefore 

stray light from Mars involved. This way, it could be possible to identify 

celestial areas of bad sky quality. 

Period of investigation was limited to two years, but could be extended to 

acquire more representative statistical results. Furthermore, periods could be 

of interest where STR2 was the active unit. Under similar conditions, 

performances of the two star trackers could be compared and results verified. 

Analysis of the cases from this thesis could have been much more complete if 

it was able to download entire CCD images to locate hot pixels, false star 

positions and stray light patterns. A script for CCD image downlink was 

designed for Venus Express star trackers which are of the same model and 

could therefore be applied to MEX star trackers as well. 

In this performance analysis sky quality was only characterized in terms of 

number of triads within FOV. These numbers were acquired using fix 

detection thresholds. It is most probable that the number of triads could be 

identified as the main driver for AA success if the detection threshold would 

be varied according to the present CCD background noise. In this regard, one 

could also define quality levels for triads depending on the magnitude of its 

faintest star or how far the stars are apart from each other increasing the risk 

of a false star becoming the new nearest neighbor. 

 

 
 

Figure 47: Direction of Stray light Incidence Angle in STR Reference Frame 
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As shown in the results of stray light test report, shape and magnitude of stray 

light patterns on the CCD vary strongly depending on the direction from which 

the light is incident on the CCD in plane. Therefore, the software tool to 

determine the smallest angle was extended to also compute from which 

direction stray light is incident on the CCD plane. As illustrated in Figure 47 

which displays a value of 270°, direction of incidence is described by angular 

distance from STR1 reference x-axis. 

 

 
 

Figure 48: Oscillations at low noise levels 
 

 

As the model was tested for other anomaly cases, direction of incidence 

seemed to become the main driver for CCD background Mean TM for very 

low noise signals. Figure 48 shows Background Mean TM and its simulation 

during an anomaly in October 2010 using MEX-Mars distance and minimum 

stray light angle as introduced earlier. Until 14:00, the rapid noise decay can 

be matched by simulation, but then an oscillation is added onto the simulated 

noise evolution. In the future, it would be insightful to try to integrate direction 

of stray light incidence angle into the background noise simulation model and 

investigate correlations with number of false large object, false star or false 

SEU detection. The latter is often observed at a high number during noise 

level oscillation. It is to be investigated which is driven by which by identifying 

potential commonalities in attitude dependant radiation environment between 

the cases. 

It would also be interesting to compare performances of both STR units at the 

same time during adverse conditions. For this purpose, one would have to 

predict an occultation that is likely to be followed by an anomaly by applying 
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the results acquired in this study. During AA/CAD mode, both STR units 

should then be switched on, possibly in Self test mode which provides STR 

TM in more detail. The simultaneous measurements at different angles 

towards Mars should lead to more accurate conclusions about the impact of 

Stray Light on STR performance. 
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