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Abstract 

MATS (Mesospheric Airglow/Aerosol Tomography and Spectroscopy) is a small satellite that will be 

launched in 2019. The satellite will fly in low-earth orbit obtaining data from Noctilucent Clouds and 

the oxygen Airglow phenomenon. The satellite is equipped with CCDs prepared to capture images of 

the mesospheric events. The image signal needs to be processed by an analog chain before reaching 

the ADC. Satellites in orbit and their components are susceptible of being affected by ionizing 

radiation originated from the space. 

Electronic devices are affected in an ionization process, interfering with their functionality and 

performance. Tests need to be done over the MATS components to guarantee that the transmission 

of the signals is not affected by the radiation and the satellite is able to maintain its performance. The 

aim of this thesis is to explain the tests carried to analyze the different MATS components at similar 

radiation conditions as the real mission and to find the most adequate substitutes in case of the non-

suitability of the original components. 

KEYWORDS: Ionization, Electronic components, Radiation Tests, Low Earth Orbit, MATS. 
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Sammanfattning 

MATS (Mesospheric Airglow/Aerosol Tomography and Spectroscopy) är en satellit som kommer att 

skjutas upp i 2019. Satelliten ska flyga i en låg omloppsbana och avbilda nattlysande moln och syre 

luftsken (airglow). Satelliten har CCD detektorer för att ta bilder av dessa fenomen i mesosfären. 

Sensorernas signaler behöver behandlas av en analog kedja innan de når ADC. Satelliter på bana och 

deras komponenter kan påverkas av joniserande strålning från rymden. 

 

Elektronikenheter påverkas i en joniseringsprocess, som stör deras funktionalitet och prestanda. 

Tester måste göras över MATS komponenter för att garantera att överföringen av signalerna inte 

påverkas av strålningen och satelliten kan bibehålla sin prestanda. Syftet med detta arbete är att 

förklara de tester som utförts för att analysera de olika MATS-komponenterna vid liknande 

strålningsförhållanden som det verkliga uppdraget och att hitta de mest lämpliga ersättningar ifall de 

ursprungliga komponenterna visar sig inte vara lämpliga. 

NYCKELORD: joniserings, Elektroniska komponenter,strålning tests, låg omloppsbana,MATS 
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1.Introduction 

1.1. MATS Mission  

 

The atmosphere is a complex system of layers located at different altitude ranges with different 

composition that interact between them. The MATS project intends to analyze one of the layers that 

typically constitutes a divisorial line on scientific analysis of the atmosphere and whose behavior is 

strongly linked with the adjacent ones, the mesosphere. Mesosphere is located in a range between 50 

and 80 km above the Earth surface, between the stratosphere and the thermosphere. Mesosphere is 

characterized by the lowest temperature on Earth (-143 ºC) and being over the airplanes and sounding 

balloons flight altitude, but below the minimum altitude required for a satellite.  

The MATS satellite [1] (Mesospheric Airglow/Aerosol Tomography and Spectroscopy) is being built 

as a collaboration between the next entities: the research facilities Department of Meteorology at 

Stockholm University (MISU), Institute for Space and Geo-Dynamics at Chalmers and the 

Department of Space and Plasma Physic at KTH; and the following companies OHB, ÅAC Microtec 

and Omnisys Instruments. The project is being funded by Swedish National Space Board (SNSB).  

MATS is a microsatellite (Figure 1) part of the InnoSat concept [1], a group of small size satellites 

(60x70x85 cm) which have a small payload (50 kg) and orbit at low altitude (550 to 650 km 

dawn/dusk). The launch date is expected to be November 2019 and it will be controlled from the 

ground for 2 years. Along this time, the MATS will use it equipment to measure and study atmospheric 

waves in the Northern and Southern hemispheres. 

Atmospheric waves are periodical disturbances in the atmosphere variables (e.g. wind speed, 

temperature, surface pressure or geopotential height) which can stay on the same area (standing 

waves) or spread to their surroundings (travelling waves). The spatial scale of these disturbances 

varies from planet-size waves (e.g. Rossby waves caused by the earth rotation inertia) to short waves 

(e.g. sound waves). The temporal scale of the waves contains a wide range of periods. They can differ 

from 1 solar day (24 h) to minutes short as in the sound waves.  

Figure 1:MATS satellite (Preliminary design) [1] 
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State-of-the-art studies offer information about atmospheric waves at mesosphere and low 

thermosphere on a basic level, but it is still needed to identify all their mechanisms and associated 

interactions. It is required to experiment the effects of the actions of the waves to classify and to 

analyze the them. Most of these effects requires to be detected locally. “The multiple role of the waves 

concerning local turbulent heating, vertical mixing and large-scale momentum deposition need 

quantification” [1]. Besides, the interaction between waves is not properly documented, including the 

role of the gravity waves on the creation of planetary waves. Human activity effect on the climate 

change at the mesosphere, which is the most susceptible to it, is not yet identified. Therefore, the 

creation of a model that allows the prediction of the changes on the mesosphere, it is required to know 

the natural variations on the area per se. 

MATS mission will analyze the mesosphere and the atmospheric waves effect using cameras to 

measure the radiation at 6 different wavelengths, 2 on ultraviolet spectrum (between 270-300 nm) 

and 4 on the infrared spectrum (760-780 nm). The cameras will cover an area of 10000 km2 (250 km 

x 40 km). The 2 phenomena that will be studied are NLCs (Noctilucent Clouds) and atmospheric 

airglow from the Oxygen A-band. NLCs will be studied by the 2 UV channels on small scale structure 

using solar light scattered from the NCLs. Infrared channels will provide larger scale structures and 

information of the atmospheric temperature by measuring oxygen molecules emissions caused by 

photochemical excitations.  

MATS has Charged Coupled Devices (CCD) sensors to measure the 2 phenomena. CCDs will capture 

the data of the waves from different angles to create a 3D image reconstructing the wave (Figure 2). 

CCD functionality is based on the same principle as photovoltaic cells. Every time electromagnetic 

radiation in a specific wavelength range reaches the device, it generates an electron-hole pair. 

Quantum efficiency determines the number of electrons generated during the exposure to radiation. 

The CCD used by the MATS project is expected to have a QE performance higher than 80%. Once the 

exposure is finished, the generated electrons are collected in an individual receptor which constitutes 

a pixel from the image. To read the image is necessary to read row by row the pixels until all the 

information has been transmitted through a specific pixel connected to an amplifier acting as output. 

The risks of using a CCD are related to the effects the radiation will have on the readings obtained by 

the CCD e.g. radiation can generate extra electron-hole pairs distorting the real values. At the orbiting 

altitudes of the satellite it is possible for the satellite to be subjected to ionizing radiation levels which 

can affect on a significant level the CCD and the other electronic components of the satellite. 

Figure 2: Simulated wave reconstruction [1] 
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1.2. Space Radiation 

The possible forms of radiation emissions are electromagnetic waves or subatomic particles. 

According to the energy level of the specific form of radiation, it can be divided on 2 types: ionizing 

or non-ionizing. 

Ionization is defined as the physical/chemical process whereby electrical neutral atoms or molecules 

are positively or negatively charged generating ions. The ionization of a particle can be result of 

collisions with subatomic particles, atoms, molecules or ions, or through the effect caused by 

electromagnetic radiation. The cause of the ion unbalanced charge is the absence (Cations) or excess 

(Anions) of electrons compared to a neutral atom/molecule. Particles that have been ionized may be 

able to cause ionization to other particles. 

Ionizing radiation has the amount of energy required to cause the ionization of the materials exposed 

to it. Ionizing radiation can be divided on 2 different classes: Electromagnetic radiation and high-

energy particles. Only high-energy electromagnetic waves can cause ionization. Separation between 

ionizing and non-ionizing electromagnetic radiation on the electromagnetic spectrum (Figure 3) is 

made at the Ultraviolet range. Gamma rays, X-rays and UV parts of the spectrum cause ionization. 

However, the wavelength range that may cause ionization on the UV spectrum is not clearly defined 

[2, 3]. The reason is a variation on the energy required to ionize different materials e.g. cesium 

requires 3.8 eV which is the lowest required, whereas oxygen and hydrogen requires ~14 eV.  

 

 

The causes of ionizing radiation near the Earth can be divided in 3 different sources: 

• Van Allen Radiation Belts: trapped radiation environments filled with charged 

particles around a planet. Distribution of the charges inside of the Van Allen Belts is not uniform. 

Regions inside of the belts may have positive or negative values locally, although the total net 

value of the belts is zero e.g. inner belt is mostly formed by protons whereas outer belt is mainly 

formed by electrons. Main particles sources are the solar wind stemming from the Sun and 

Galactic Cosmic Rays (GCR). Planet magnetosphere determines the shape and distribution of the 

belt. Two Van Allen Radiation Belts can be found on Earth, an inner belt containing electrons and 

protons and an outer belt containing mainly electrons. The altitude reached by Earth Van Allen 

Radiation Belts is between 1000 to 60000 kilometers above the Earth surface. 

• Galactic Cosmic Rays: radiation mainly formed by high energy protons (~85%, up to 

500MeV), alpha particles (~13%) and high atomic number ions with high energy (~2%). This 

radiation source is caused by the continuous processes occurring in the background at the same 

Figure 3: Electromagnetic spectrum [35] 
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time in different parts of the universe outside of the solar system e.g. explosion of supernovas, 

stars combustion… and it is considered to be omnidirectional.  

• Solar Flare Emissions: they are caused by a magnetic disruption on the solar 

atmosphere. The composition of these flares is similar to the cosmic rays although the energy 

levels are lower. Typically, their effect can be ignored on devices that operate close-to-Earth 

orbits. 

MATS satellite is a Low Earth Orbit (LEO) mission. LEO satellites are found in a range between 320 

km and 800 km of altitude from the Earth surface orbiting at ~ 7 km/s. To orbit at low altitude 

prevents most of the damage caused by the radiation sources. One of the researches that provided 

information about LEO environments is the one provided by the RazakSAT-1 satellite on 2009 that 

was used to measure the effects of the Van Allen Radiation [4]. The analyses concluded that the 

majority of the radiation effect is blocked beyond an aluminum shielding thickness of 8 mm. 

Therefore, capsule thickness helps to prevent some of the possible effects derived from Van Allen 

Radiation.  

Solar activity inversely affects the intensity of the GCR reaching the Earth [5]. During the periods with 

high levels of solar activity the GCR intensity on Earth is minimum, whereas during the periods with 

low solar activity the GCR intensity reach the maximum values. The variation of the GCR intensity is 

called Forbush effect. 

GCR particles follow the planet geomagnetic field lines. Their effects become more pronounced on 

areas close to the poles. Since the field lines are almost parallel to the Earth surface on areas with low 

inclination (e.g. Equator) most of the GCR are deflected. The values provided by a group of orbiting 

satellites at different altitudes was used to quantify the effect of GCR as it is described in Suparta and 

Zulkepe [6]. The results of the study displayed that fluxes increased with the altitude and their highest 

level of energy is 2 GeV/n. Although the flux does not vary linearly with the altitude, it is possible to 

establish 2 different levels of flux exposure according to it. In LEO the flux lower than 500 hydrogen 

atoms * (m*sr*s)-1 and in MEO and HEO, surpassing altitudes of 20.000 km, fluxes are higher than 

3000 hydrogen atoms*(m*sr*s)-1. Therefore, the requirements for a satellite to endure exposure to 

GCR radiation at LEO are less demanding compared to higher orbits. 

1.3. Objectives 

 

The focus of this Master Thesis is set on analyzing hardware components of the MATS satellite. The 

performed analysis intends to verify the viability of the electronic devices of the satellite payload 

related to the CCD when it is exposed to radiation. The results of this Thesis will be used by Institute 

for Space and Plasma Physic of KTH on their designs in the MATS satellite. The aim of this study is 

to inspect the use of commercial electronic devices as feasible components in radiation environments.  

The expected results of this study can be summarized as the following. 

• To guarantee a correct performance. After exposing some of the components to the 

expected levels of radiation, they should be able to function according to the established 

requirements. 

• To characterise the fundamental components. Once the test is finished, a proper 

definition of the changes originated on the specifications is subject of study. It is required to 

analyze which characteristics are relevant and the scope of their changes. 

• To provide alternative components. In case of finding malfunctioning situations or 

performance outside of the specifications, new components from the commercial catalogue of 

different manufacturers should be searched as alternatives options. 
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2. Radiation Effects on Electronics 

MATS satellite will orbit at low altitude. Radiation levels at low altitude are mainly defined by protons 

from the edge of the inner Van Allen belts. Particles that carry energy are able to ionize electronic 

devices. 

To measure the amount of radiation exposure over an electronic device, two different units are 

typically used: Fluence for bulk damage effects and Total Dose for ionization damage [7]. Since the 

expected damage is from ionization, only Total Dose is subject of study. It can be expressed as  

 
D =

dE

𝑀
 (1) 

where D is the Total Dose that can be expressed in rad or gray, dE is the average energy imparted by 

ionizing radiation and M is the mass of the device affected by radiation. 

Electron holes refers to absence of one electron on an atom or atom lattice. Standard atoms have a 

balanced charge as the positive charges on the nucleus are compensated with the negative charges on 

the electron cloud. The absence of an electron on the atom leaves a local positive charge on the net.  

Knowing the specific amount of energy required to create a pair electron-hole on the specific 

electronic device allows to anticipate the number of pairs generated. The number of pairs generated 

helps to estimate the possible worst-case malfunctions in a component if electron-hole pairs do not 

recombine.  

2.1 Ionizing Radiation Damage 

The possible effects of radiation in semiconductors and electronics can be separated by their degree 

of permanence on the device [8] [9]. Effects non-associated to the accumulation of radiation damage 

in a device are called Single Event Effects (SEE). SEE are errors caused by the effect of highly 

energized ionized particle interacting with electronic devices. They have impact on the correct 

performance of the electronics. According to the failure generated, soft and non-destructive SEE; SEE 

that can be fixed rewriting the information or resetting the device, can be divided into 3 different 

categories [8]: 

• Single Event Upsets (SEU): errors affecting during a data acquisition process. Only 

data elements are affected, and the errors are overwritten on the next acquisition. SEU occur 

when radiation overcharges the depletion zone on a p-n junction. Memory registers in the design 

are affected saving erroneous data. 

• Single Event Interrupts (SEI): specific category of SEU. SEI are changes on the 

configuration and operative system memory cells are affected by the radiation. By altering the 

inner core of the device, permanent malfunction possibility is not 0 and reset and re-

configuration is needed to operate again the electronics and recover the functionality.  When the 

SEI are referred to FPGAs their name is firm errors. 

• Single Event Transients (SET): they are also known as Analog Single Event Upset. 

SETs are caused by particle passing through a sensitive node in the linear circuit. The passing 

particle generates a voltage difference which is transmitted along the circuit. The transient pulse 

may be amplified through the circuit or affect the logical outputs. 
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The SEEs whose effect are non-recoverable hard errors that can lead to the inoperability of the device 

include: 

• Single Event Burnout (SEB): caused by the effect of high-energy particles. The impact 

generates electron-hole pairs in MOSFET devices [10]. This process may cause the parasitic 

bipolar transistor to turn on. If the voltage is not removed from the component, it is possible for 

the device to meltdown due to the high currents inducing a second breakdown of the parasitic 

bipolar transistor. 

• Single Event Gate Rupture (SEGR) or Single Event Gate Damage (SEGD): a particle 

passing through the neck region of a DMOS without reaching the other transistor sections 

generates an electron-hole pair. Then, the pair separates due to the effect of the substrate electric 

field. The separation causes the accumulation of a positive net charge that derives in a transient 

oxide field at the impacted area. If the oxide field exceeds the critical oxide breakdown, a 

permanent shortcut through the oxide occurs. 

• Single Event Latchup (SEL): latch-up is the creation of low-impedance path between 

the power supply rails of a MOSFET due to the effect of a charged particle. This triggers a parasitic 

structure disrupting the functioning of the component and it may lead to the destruction of the 

device due to over-current [11]. 

Linear energy transfer (LET) is the amount of energy transferred by a particle to the surroundings 

through its path. By calculating LET on laboratory tests with particles whose energy have been 

previously quantified it is possible to determine the necessary ionizing charge to cause a SEE.  The 

method is mostly used to quantify the effect produced by heavy nuclei and mono-energetic ions (e.g. 

protons). 

Other techniques involve using the non-ionizing energy loss (NIEL) parameter to determine the 

amount of energy required for a SEE to occur. The NIEL takes account of all the energy delivered from 

a particle to a solid besides other mechanisms than ionization. It accounts for Coulomb interactions 

and nuclear reactions. This measurement procedure is performed when the SEE is produced by 

nuclear reactions instead of charge transmission [12]. 

Permanent radiation effect is related to the Total Ionizing Dose (TID). TID describes the accumulative 

effect of the ionization in the semiconductors.  “Although the effects of Total Ionizing Dose (TID) on 

SEU are known for decades the process of qualifying ICs for critical applications is still treated as an 

independent and fragmented event.” [13] Therefore, individual tests according to mission specific 

requirements should be performed to guarantee functionality even if there is information about same-

family product performance in similar conditions. 

The permanent effects of ionizing radiation on a Metal Oxide Silicon (MOS) electronic device are 

separated in different fields of study [7, 14]. The different ionization-derived effects interact between 

them increasing the damage compared to the effect of one of them acting alone. The effects can be 

seen immediately after exposing the component to radiation.  
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2.1.1 Electron-Hole Generation 

Electron holes are generated by the energy provided by the incoming photons on a MOS structure.  

High energy particles colliding with an atom may transfer a portion of their energy to the atom. If the 

energy transferred to the atom is high enough, it is possible for one electron to transition from the 

valence band to the conduction band. Once the electron reaches the conduction band it is considered 

a free electron and it is possible for it to move along the empty conduction band states, leaving behind 

an electron hole. Figure 4 exemplify the structure of the bands. The electrons on the upper valence 

bands require less energy to transition to conduction bands. The energy required to transfer one 

electron from the valence band to the conduction band increases with the number of electrons that 

already has been transferred, given that the following electron to be transferred is found on a lower 

valence band. Electron-hole pairs are proportionally generated to the amount of energy received on 

the ionization exposure. In an exposure to an energy-constant flux, it is expected that eventually all 

the electrons on valence band whose transition energy level is lower than the energy of incoming 

particles shifts to the conduction band. 

On a LEO it is expected a lower total irradiation dose compared to other orbits [15]; moreover, the 

dose rate is also expected to be low. The quantity of radiation absorbed per unit of time or dose rate 

on orbit is not stable and it depends on several factors such as: time of the day, time of the year, solar 

wind activity, phase of the moon…  

2.1.2 Electron-Hole Recombination and Fractional Yield 

Once a pair electron-hole is generated it is possible for the pair to recombine.  To recombine is only 

possible during a short period of time after the generation (in the order of picoseconds). If too much 

time passed after the generation, hole and electron separate through diffusion or/and field-induced 

drift. A field on the device cause immediate separation due to the electrical fields generated in the 

insulator. Electrons transferred to the conduction band move along the currents. If the component is 

not powered the carriers separate mainly through diffusion. 

Electric fields cause the electrons to migrate and only holes remain on the silicon structure. The 

fraction of holes remaining is the fractional yield and it is defined as hFY. The value of the hFY depends 

on the kind of radiation that reached the device and it is expressed as the percentage of holes 

compared to the total electron-hole pairs generated. 

2.1.3 Hole Transport 

Holes separated from electrons can displace to the silicon interface or to the gate electrode until they 

find the most stable charge position. The position on the MOS depends on the polarity of the gate 

voltage. In buried-channel operations, surface potential is greater than the gate voltage. Hole 

transport damage is difficult to measure due to the difference on speed movement of the different 

carriers. Electrons move faster than the holes. Holes movement transition time varies from 

milliseconds to minutes or hours. The displacement velocity is affected by the field strength, operating 

Figure 4: Electrical Conduction Band Structure [36]  
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temperature and thickness of the oxide layer. Hole transport and electron-hole recombination are 

strongly linked to the electron-hole generation. 

2.1.4 Hole Trapping 

When an electronic component is exposed to an ionization source, a negative voltage flatband created 

by the new holes in the dielectric. The flatband is dependent of the thickness of the dielectric, 

distribution of the holes and hole distance to the gate dielectric. Most situations include holes trapped 

at the silicon, where the largest flatband shift is created. 

2.1.5 Annealing 

Trapped holes are not immutable and mechanisms can be used to release them and eliminate flatband 

shifts. Two main mechanisms are used to achieve it: tunnel annealing and thermal annealing. 

• Thermal annealing: Silicon capacitors are heated to increase the displacement speed 

of the hole. The speed of the process is dependent of the distance to the Si-SiO2 to the trap and 

the emission time constant. This process uses long periods of time to eliminate the holes (on the 

order of days, even longer if it is made at cold operating temperature). 

• Tunnel annealing: Recombination of the holes with electrons from the silicon 

neutralizing the charges.  

2.1.6 Interface State Creation 

Interface states are an unavoidable characteristic of the interface in a MOS device and they have an 

effect amplifying the dark current or creating shift flatbands. Devices with good interfaces have an 

interface state density between 109 to 1011 traps/cm2-eV [7]. The value varies according to the 

manufacturer.  

Most common appearances of interface states are dangling bonds of Si. Hydrogen atoms are added to 

structure of the MOS to passivate the dangling bonds. Typically, a mix of 5% hydrogen and 95% 

nitrogen is applied on the etching process. A bond is created between the free dangling bond and the 

hydrogen (i.e. Si·+H → Si-H). A scheme of the bonds can be observed in Figure 5.  

Passivating the dangling bonds of the component is a measure made by the manufacturer to diminish 

the effect on the dark current. Hydrogen passivation is a delicate mechanism because the bonds 

created by this method are weak. Ionizing radiation has the necessary energy to break the bonds. 

Breaking the bonds undoes the work of the manufacture. 

Figure 5:Interface Si-SiO2 passivated with H [7] 
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3. Radiation Testing Procedures 

Space Agencies are the institutions in charge of providing regulation and guidelines for the required 

procedures to perform tests related to satellites, space environment and radiation. Space agencies are 

institutions associated to a specific country or group of countries. Some examples of space agencies 

are: NASA and AFSPC in USA, ISRO in India, JAXA in Japan, ROSCOSMOS; heir of the CCCP in 

Russia, CNSA in China and ESA in Europe. 

The mission of the ESA is to elaborate a European space program and its execution. The agency 

programs are designed to obtain a deeper knowledge of the Earth and its space surrounding 

environments. Although ESA is a European agency, they cooperate with other foreign organizations 

to obtain better results on their investigations. There is no binding procedures or quality plan required 

by an institution to fly a satellite. However, ESA policies provide support and offers the obtained 

knowledge to the satellite projects. ESA rules constitute a handbook of recommendations and an 

effort to create a standard on the satellite and space products manufacturing based on a 58-years 

research background. Although the execution of the MATS launching does not occur within the limits 

of the ESA boundaries, the tests performed to guarantee the MATS functionality are based as much 

as possible on the European Cooperation for Space Standardizations (ESCC) specifications. 

ESCC is an organization that works on the creation of a common standard procedure for the space 

sector. ESCC standards are the requirements required for ESA contractors to adhere to. ESCC 

declares itself not responsible of any possible failure, loss or damage caused or alleged to be caused 

by the use and application of their publications. Declaration applies to any kind of product 

independently of their purpose. Also, the design of a product within ESCC specifications does not 

constitute a warranty of the product/project. Therefore, the recommendations are guides on how to 

perform MATS radiation tests on electronics, but they do not guarantee successful performance on 

the mission. 

Specifications applied to the scope of this project can be found on the documents: ESCC Basic 

specifications Nº 22900 [16], ECSS-Q-ST-60-15C “Space Product Assurance” [17] and ECSS-E-HB-

10-12A “Calculation of radiation and its effects and margin policy handbook” [18].  

Margin applications comes to project management decisions, although they are based on the 

uncertainties that can be found within a project. Margin designs are mainly based on 2 factors: 

• Criticality: a target that can be critical to mission success. On this situation it may be 

necessary to accurately establish a working margin, so the functionality is guaranteed during 

the entire life cycle of the project. 

• Immunity: if a target can be shown to be immune to a degree where most conservative 
assessment of the parameter effects is considerably below the expected problem it does not 
require a further analysis. 

 

Uncertainty on the expected amount of radiation in the environment conditions sets the margin 

values to have a wider value than expected. According to the ESCC-E-HB-10-12A, the model required 

to perform space environment estimations it is described in ESCC-E-ST-10-04.  

ESCC-E-ST-10-04 includes estimations for all the space environments studied until the date it has 

been published [19]. According to the guide, LEO missions encounter the inner edge of the Van Allen 

belt. The radiation environment counts with high-energy from the radiation belt protons. Most of the 

effects caused by galactic cosmic rays and solar flares are reduced due to the Earth magnetic field. 

The field deflects particles from outside of the magnetosphere, although the shielding is not total. 
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LEO uses the models AE-8 and AP-8 models describing radiation belt energetic particles. The models 

were obtained from the data extracted to the satellites in the 1960s and early 70s.  The models provide 

omni-directional fluxes as function of geomagnetic dipole coordinates.  

Uncertainties can also be attributed to test settings requiring a wider margin to ensure the good 

performance of the device. A good calibration of the radiation source and the availability of the 

calibration data are required to estimate statistical and systematical uncertainties. Statistical analysis 

of the results can be corrupted if the sample size is limited or the number of SEE are not well 

accounted. 

Sources of radiation are required to be characterized to accurately account total ionizing dose. 

Variation of the dose on the device occurs due to location of the tested sample and low penetration 

power of the radiation source to uniformly distribute electrons/photons. 

The device(s) tested should be as identical as possible to the device that will be launched. Differences 

on the manufacturing processes of the different components, the treatment they received while they 

were being assembled and previous tests conducted over the mounted device may affect the similarity 

degree of the components submitted to test. 

The unit used on the TID tests is the rad (radiation absorbed dose), although the International System 

uses the Gy (Gray). The equivalence between both units is 1 rad=1 cGy. The dose depends on the 

receptor material, so it is usually represented as rad (Si). Most technologies have their sensitivity 

between 1 krad to 1 Mrad (10 Gy to 10 kGy) where they start to fail.  

According to ESCC recommendations, the exposure to high doses of ionizing radiation may cause 

radiolysis in the polymers capsule of the electronic components. The result is a degradation of the 

electric and mechanical properties and the production of harming gases that may affect nearby 

components, corroding them. 

The absence of acceptable component TID data requires to follow the procedure in conformance to 

ESCC 22900 requirements. Table 1 displays the type of component that can be affected by ionization 

in case of not having a specific TID data. Therefore, TID tests for specific undocumented components 

are required to verify their performance. 

 

Table 1: EEE part families susceptible to suffer damage related to TID. [17] 
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Components for orbits in the model AE-8 that required to be tested must fulfill the requirement of 

having a Radiation Design Margin (RDM) bigger than 1,2. RDM is a non-dimensional unit which is 

calculated as  

TIDS corresponds to the TID level at which the component exceeds its parametric/functional 

requirements. TIDL corresponds to the calculated TID level received by the component at the end of 

the mission. Most of MATS electronics derive from commercial manufacturers who do not perform 

radiation test over their products. Therefore, there is no provided TIDS for most of the components 

and it is estimated by research results over similar products provided by the scientific community. 

ESCC provides a list of levels of exposure [16] (Table 2) a device should be tested to have a radiation 

hardness assurance (RHA). RHA can be used as a second parameter in conjunction with the RDM to 

guarantee that a device is prepared to stand the predicted amount of radiation. According to the 

expected level of radiation on LEO, the minimum RHA required by MATS is D-level. 

 

 𝑅𝐷𝑀 =
𝑇𝐼𝐷𝑆

𝑇𝐼𝐷𝐿
 (2) 

Table 2: RHA classification according to ESCC [16] 
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4. Imaging Sensor Readout Electronics 

4.1 Electronics Design 

4.1.1 CCD 

The CCD is formed by a group of photoelectric sensors arranged in a specific order over a 2D map 

placed within a thin layer of silicon. The small silicon layer works as a substrate and allows to trap the 

charge generated by a photon if the correct voltage is applied. CCD constitutes one of the optical parts 

of the satellite and it is placed inside the CCD and optic box (COB).  

The CCD fundamental unit is named pixel. Each pixel is formed by one individual sensor. The pixels 

are located inside the silicon matrix on an orthogonal structure separated by “narrow transparent 

current-carrying electrode strips, or gates” [20]. The strips allow movement of the electrons along the 

chip. 

Charges are stored on a positive Metal-Oxide Semiconductor Capacitor (p-MOS Capacitor). The 

capacitor acts as a potential energy well storing the electron-hole pairs generated by the photons. 

Electron generation only takes place if the entering photon has the required amount of energy. Photon 

wavelength determines if the photon has enough energy to produce an electron-hole pair. 

MATS uses the CCD42-10 [21] (Figure 6). The different CCDs cover the electromagnetic spectrum 

from 200nm; which is the wavelength where the ultraviolet extreme radiation starts, to 1µm; which 

covers part of the near infrared radiation. 

The procedure to obtain a CCD output signal is separated in 4 different stages [22]:  

4.1.1.1 Charge Generation. 

Photons inside of the wavelength range that reach the CCD generate an electron-hole pair. The pairs 

are stored on the wells. The number of electron-hole pairs generated varies with the energy carried 

by the photon. Photons with energies found between 1.1 eV to 3.1 eV generate one pair. Photons with 

energy values over 3.1 eV generate multiple pairs [22]. Typically, the number of generated pairs is 

linearly proportional to the number of entering photons. The charge generation takes place inside the 

silicon body.  Sensors are separated between them with insulating barriers or channel stops to prevent 

the transmission of the generated charge in unwanted directions.     

Figure 6: CCD42-10 [37]. 
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The parameter required to evaluate the quality of the CCD as a sensor is the Charge Generation 

Efficiency and it is described by 

where Quantum Efficiency (QE) describes the number of electrons generated according to the number 

of photons that reached the CMOS. An ideal CCD has a QE value of 100%. The expected QE of the 

MATS CCD is slightly higher than 80%. 

4.1.1.2 Charge Collection 

Once the charge has been generated, the next step on the CCD is to collect all the charges that have 

been released inside the well. The ability to represent accurately the image taken by the CCD depends 

on the CCD performance during this step. The key parameters during the charge harvest are: 

• Area/Number of pixels on the chip. 

• The number of electrons that a pixel can store (Capacity). 

• Efficiency of the capacitors to collect electron-hole pairs when they generated. 

CCD42-10 has an image area of 184.23 mm2 (26.7 mm X 6.9 mm) with 2048 X512 pixels. Each pixel 

has an area of 182.5 µm2 (13.5 µm X 13. 5 µm) and a capacity of 100 ke-. The capacity determines the 

amount of signal that can be stored in a pixel. The amount of signal has a direct impact on the color 

depth of the final image.  The efficiency of the capacitors to collect the signal is determined by the 

amount of charge that diffuse between pixels as it is important that the charge generated in one pixel 

stays on that pixel to accurately represent the information. Diffusion of the charge between pixels 

occurs in areas where the material is not affected by the electric field allowing the electrons to freely 

move to adjacent pixels. Nonetheless, the manufacturer does not provide enough relevant 

information about the CCD efficiency or charge diffusion. 

4.1.1.3 Charge Transfer 

The pixels are positioned next to each other creating columns of pixels. The column structure allows 

to transfer the charge along the device. Stored charge is transferred from the pixel where it was 

generated to a specific position to be measured. An analogy to the mechanism of the CCD may be a 

rain-water collector. Each of the buckets (pixels) collects the water of the rain (entering photons that 

generate electron-hole pairs). Once all the water has been collected, the water is transported through 

vertical parallel conveyor belts until it reaches a horizontal belt. The horizontal conveyor belt collects 

the water that has been transported on the vertical conveyor belts. Finally, the horizontal conveyor 

belt transfers the water to a common point to measure it. Graphical depiction of the analogy can be 

seen in Figure 7. 

 
𝑄𝐸 =

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑐𝑜𝑙𝑙𝑖𝑑𝑖𝑛𝑔 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
=

𝑐𝑢𝑟𝑟𝑒𝑛𝑡/𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑜𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑡𝑜𝑡𝑎𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑜𝑤𝑒𝑟/ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑜𝑛𝑒 𝑝ℎ𝑜𝑡𝑜𝑛
 (3) 

Figure 7: Rain collector CCD analogy (Left) and Components of the 3 first phases of a CCD (Right). [22] 
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The CCD mechanism to move the electrons along the structure is a timed signal which oversees the 

charge movement acting as a shift register. To do this, the basic unit is divided in 3 different phases 

as it can be seen in Figure 8. During the charge collection process, the timed signal gives a positive 

charge to the phase 1. The time for the collection process is called integration time or exposure time 

and it corresponds to the store the generated charge from a photon flux. During the time that the 

phase is being affected by the positive voltage, the potential on that gate is higher than the others. To 

have a bigger potential in a specific phase causes a movement of the electrons towards that phase.  

Once the exposure time is finished, a timed signal also gives a positive voltage to the second phase. 

Having 2 phases at the same positive voltage creates a movement on the electrons from the first phase 

to the second until both have the same number of electrons. When both phases have the same number 

of electrons, the timed signal for the phase 1 goes to 0V. The remaining electrons on the phase 1 move 

to the phase 2 after the signal is turned down.  

The process described for the 2 first phases is repeated between the phase 2 and 3 and after that it is 

repeated between the phase 3 and the phase 1 of the next pixel. This process is realized as a transient 

having 2 phases at the same voltage instead of changing the positive clocked voltage from one phase 

to the other because it allows a gradual movement of the electrons between phases. Using this method 

diminish the electrons losses and leakages on the transfer. 

The transition of the information from one line to the one below occurs once the line in the bottom is 

completely read. This line transmits the information horizontally instead of vertically until it reaches 

the rightmost and bottommost pixel, where the information is released as an output voltage. To avoid 

charge accumulation on the bottom line pixels, a reset signal activates before the clocked signal gives 

a positive voltage making sure that the output signal is 0 before a new output reaches that pixel. The 

process of shifting the information array one line down is called parallel or vertical register, whereas 

the process to shift the charges along the bottom row is called serial or horizontal register. 

The most critical part of the electron movement along the CCD process is to avoid electron losses from 

one pixel to another. To lose electrons implies to lose information of the taken image. To know how 

accurate a CCD performance is, it is necessary to check the Charge Transfer Efficiency (CTE). CTE 

measures the percentage of the total electrons that are transmitted from one pixel to the next.  

The CCD42-10 that is part of the MATS has a serial CTE of a 99.9999% on parallel and 99.9993% on 

serial. The most susceptible pixel to losses is the uppermost and leftmost because the information of 

this pixel is the one that is going to suffer more transfers. Approximately 1.47% of the information 

may be lost after the 2560 transfers it requires to be measured. 

Figure 8: CCD sensor (pixel) structure [20]. 
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4.1.1.4 Charge Measurement. 

Finally, the last stage on the CCD work is the charge measurement. On this stage the number of 

electrons stored in each pixel gets measured. Measurement is achieved by transferring all the electron 

charge to a capacitor at the outside of the CCD that is connected to an amplifier. This amplifier is the 

only active element on the CCD (since the other elements are passive capacitors) and it generates a 

voltage at the output proportional to the charge collected by each pixel. The amplifier may be the 

source of possible noises in the CCD measurements.  

The process to reset the capacitor to the reference level involves the generation of a positive pulse 

called reset feedthrough in the CCD output node, irrelevant to the image data processing, due to the 

capacitive coupling of the reset signal into the output. To eradicate the reset feedthrough pulse, it is 

required to use a correlated doubled sampling process. 

The CCD42-10 has a typical conversion value of 4.5 µV/e- when it is working on low-noise mode. Since 

the peak value of electrons that can be stored is 100ke- per pixel, the output signal of the CCD has a 

value close to 450mV.  

4.1.1.5 Radiation Damage 

Two main malfunctions are detected on CCDs because of ionizing radiation: 

• Holes created on the charge generation process become trapped. Holes have positive 

charge creating a flatband voltage that shift the clock and output amplifier bias potential.  “If the 

shift becomes greater than the operating windows, the sensor will fall out of specification, usually 

dramatically” [7]. Typical values of the channel threshold shift are -0.1 V per 1 Krad. 

To avoid this kind of damage, backside-illuminated CCD may be utilized. The epitaxial layer acts 

as a shield and it blocks photons from reaching the frontside surface. Although, sometimes 

electron-hole generation effect may be desired to counter the effect of radiation that causes a 

negative flatband shift. CCD42-10 is backside illuminated. By eradicating or dissipating the effect 

of the electron-hole generation mechanism, it is expected to have the radiation effect almost 

nullified. 

• Dielectric silicon interface Si-SiO2 is affected. Weak bonds break due to radiation 

creating interface states. Interface states increase the required energy to allow electron 

movement. [23] The extra energy is translated in an additional flatband shift and surface dark 

current. CCDs can increase the dark current by 2 orders of magnitude with small doses of 

radiation (<5 krad). 

The effect of radiation on the CCD may increase after the sensor has been irradiated. The dark current 

and the flatband shift increase rather than decrease on a process called “reverse annealing”. Theories 

about the mechanism performance postulate that ionizing radiation activates positive carriers [7] . 

Positive charges slowly diffuse to the interface, interfering with the hydrogen.  

4.1.2 CRB-A 

The CCD readout box (CRB) is the combination of electrical components constituting a signal chain 

circuit. CRB purpose is to deliver the output signal of the CCD avoiding noise generation and 

transforming it from an analog signal to a digital one. CRB is physically implemented in 2 different 

boxes according to the function they are designed to perform, the analog (CRB-A) and the digital 

(CRB-D).  

The CBR-A is the part of the chain that is directly connected to the output of the CCD and the analog 

to digital converter (ADC). The chain main purpose is to amplify the signal, to filter it from possible 
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noises and to erase the reset pulse on the CCD output signal. Physically, it is placed close to the CCD 

and the optic box of the satellite and it is formed by 2 different printed circuit boards (PCB). The first 

PCB contains the preamplification chain that adjusts the CCD signal to the ADC. The other PCB 

contains the drivers that adjust the clocking signal provided by the CRB-D to the CCD. CRB-A is 

connected to the CCD and optic box via 21 pin μD connector. 

The working procedure of the CRB-A is based on the correlated double sampling (CDS) technique. 

On the standard process of a CDS during the readout time, 2 different samples are taken, one from 

the analog signal on the CCD output and another one from the substrate. The two values are used 

subsequently as differential signals in an instrumentation amplifier. The purpose of this technique is 

to characterize the offset value of the signal, so it can be subtracted to the readout data. MATS CRB-

A variation includes a clamp/hold with a capacitor on the chain circuit to connect to ground the reset 

pulse within the CCD signal. To duplicate the C/H structure in both signals allows to eliminate the 

effects caused by the charge injected by the analog switch. 

The different elements of the CRB-A can be seen on Figure 9. The functions of the different 

components are separated into different blocks. 

The first block is a 5 kΩ resistor that follows the CCD output and a High Pass Filter. The purpose of 

the external resistor is to act as a resistive load for the NMOS source follower at the CCD output stage. 

The value of the resistor is decided according to the specifications of the CCD, so the amount of noise 

inserted on the circuit is minimum. Besides, the use of a pair capacitor-resistor acts a High-Pass Filter. 

The function of a high pass filter is to eliminate the DC component of a mixed signal with DC and AC 

parts. On this circuit the implementation of the HPF eradicates any possible offset caused on the CCD, 

setting the signal the closest possible to 0V to avoid incorrect image outputs after the processing of 

the image. 

The second block is an operational amplifier that is set to pre-amplify the signal before it reaches the 

Clamp/Holder on the third block. The Op-Amp acts as a non-inverter amplifier with a gain of 2 and 

as a buffer separating the signal and providing a low source impedance to the next block. A low noise 

design parameter is required to this amplifier since its proximity to the CCD signal may cause the 

Figure 9: CRB-A schematic [21]. 
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mixture of the noise and the data when they are amplified. The Op-Amp selected to perform this 

function is the ADA4898-1 which has bipolar inputs, high speed and low input referred noise.  

The third block is the Clamp/Hold circuit. The block is formed by 2 different elements, a capacitor 

and a switch connected to a clocked logic signal.  The function of the C/H circuit is to separate the 

signal provided by the CCD into the image information transmitted by the sensor from the reset 

feedthrough pulse derived from the CCD functionality. The clocked logic signal in charge of the 

switching process is timed accordingly to the signal that resets the CCD output signal. During the 

times the CCD delivers a signal that is not part of the image information, the switch logical clocked 

signal closes the clamp. When the clamp is closed, the chain circuit is directly connected to the ground. 

Therefore, the signal sent to the following blocks of the analog chain is zero. 

The electronical components forming this block are a polystyrene capacitor and a switch. The switch 

is one of the key electronical components on the design. Every time the switch changes it state, a small 

charge is injected on the circuit. The possible values of the charge are found within a range. Therefore, 

the charge injected in the switching process does not have to be always the same. The maximum 

possible injected value becomes a design parameter, so the error added to the circuit is not significant. 

Besides, the switch on resistance requires to be small enough so the capacitor can fully charge at the 

reset level. The time required for the process is approximately 1/24th of the pixel time. The capacitor 

value is 1 nF, so the recommended switch resistance value is <200 Ω to allow 12-time constants 

settling during the reset period. The chosen switch is the ADG5212 SPST which possesses an on-

resistance of max 200 Ω at 25ºc and a specified charge injection of 0.07 pC, therefore the injected 

charge should be lower than 0.1pC. 

A polystyrene capacitor is chosen as they have a low value of dielectric absorption, although a 

polypropylene capacitor is a suitable component also. Dielectric absorption is the amount of voltage 

that is kept on a capacitor that has been fully charged once it is discharged.  Polyester capacitors have 

a dielectric absorption value of 0.2-05%, polypropylene back-up capacitors have values around 0.05-

0.1%. A low dielectric absorption value prevents the permanent storage of part of the information 

signal in the capacitor and loss of information that is not transmitted to the analog chain. The 

capacitor value has been chosen to decrease the signal-noise distortion ratio (SNDR), parameter that 

measures the quality of a signal against noises and perturbations.  

Blocks 1,2 and 3 are mirrored on the output signal of the CCD and the CCD substrate. A duplicate of 

the circuit is required since the voltage difference displayed by the CCD is not against a ground 

reference but the CCD substrate. If the substrate varies and it is not taken account during the signal 

processing, the variation constitutes an error on the measurement. By processing both signals at the 

same time by identical circuits before being compared, any possible error caused by the substrate is 

avoided as the substrate signal is affected by the same amplification and noise as the CCD output 

signal. The comparison is made at the 4th block. 

4th Block is an instrumentation amplifier acting as a buffer for the CCD output signal and the CCD 

substrate. The function of this block is to cancel the noise and the charge injection caused by the 

analog switch. In order to do this, the substrate signal is subtracted to CCD output signal. Since the 

CCD output signal is referenced to the substrate instead of the ground, any possible noise or change 

in the substrate is considered. Besides, the substrate signal had also been submitted to the same C/H 

structure as the CCD output signal, so the injected charge effect is similar, and it is also subtracted. 

The amplifier has a gain of 2. The chosen amplifier is the AD8220 which has a bandwidth of 1.5MHz, 

fast enough to respond to the output signal changes, and an input bias current of 25pA. It is required 

that the operational bias current is low to avoid a voltage droop effect on block 3 capacitors. Voltage 

droop is the output voltage loss during a load drive from a device.  
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The 5th block is a single ended to differential converter using a THS4130 fully differential operational 

amplifier. The use of a differential converter is required to process a signal with an ADC. THS4130 

has a configuration with a gain of 1. On this amplifier, the noise requirements are not as strict as in 

previous amplifiers since the signal is not going to be amplified beyond this block.  

The 6th block is a low-pass filter designed to eliminate any possible high-frequency noises derived 

from the ADC input. The time constant of this filter must be a minimum of 1/12th of the time between 

output valid and ADC sample time.  

The last stage on the chain circuit is the ADC in charge of transforming the signal from the chain 

circuit into a digital signal for the CRB-D. The chosen converter is an AD7621 16-bits. ADC conversion 

scale is found between ±2.048V using the internal voltage reference. With a pre-amplification of 4, 

the ADC can process 113ke- signals, However, the maximum electron storage in a CCD well is 100ke-. 

This represents a -1dB back off from the ADC full scale voltage, allowing some headroom for 

overfilling the larger capacity output summing node. 

4.1.3 CRB-D 

The CRB-D is the second part of the chain that oversees processing the signal provided by the CCD. 

CRB-D functions are local power regulation, digital logic, digitizing the analog chain and image buffer. 

Physically, it is placed close to the on-board controller inside of the satellite and it is formed by a 

single PCB. Connection between the analog box and the digital box is provided by a 25 pin μD 

connector.  

The main element of the CRB is a FPGA ActelPro ASIC3 A3P250 in a 100 pin very thin quad flat pack 

(VQFP). The control of the entire CRB is realized through the FPGA. At the same time the CRB is 

being controlled through 6 Low Voltage Differential Signaling (LVDS) separated on the following 

command signals: 

• UART (Universal asynchronous receiver-transmitter): to transmit commands that do not 

required high speed. 

• EN (Enable): A signal in charge of verifying the availability of the CRB. 

• STEXP (Start Exposure): A signal that indicates when the initialization of capturing data 

on the CCD starts. 

• CS: A signal that is used to frame the words sent by the CRB-D. 

• CLK (Clock): A periodic signal to provide timing on the system. It is provided by a 

temperature crystal oscillator CFPT-126 

• DATA: A signal transmitting the data obtained from the CCD once they have been 

obtained. 

To operate the LVDS a Texas Instruments SN65LVDS179 LVDS transceiver integrated circuit with 

a100Ω termination resistor on every receiver signal pair are utilized. The connection between CRB 

and the CPU uses a Serial Peripheral Interface communication standard with the CPU acting as the 

slave and the CRB as the master. 

The required buffer memory is equal to the maximum total number of pixels (1046528) multiplied by 

the amount of information bits in a pixel (16). Therefore, the buffer memory requires a capacity of 

2MB.  The chosen memory is a Cypress CY7C1061AV33 16Mbit (1Mx16bit) SRAM. An SRAM memory 

is chosen over DRAMs that fulfil the same memory requirements because SRAMs have lower power 

consumption, a higher processing speed and more simplicity. 
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CRB-A and CRB-D are displayed on the block diagram in Figure 10. To communicate with the CCD, 

the clocking signal originated on the FPGA is converted to analog with five ICL7667. The ICL7667 

FET-driver ICs is a dual monolithic power MOSFET designed to convert transistor to transistor logic 

inputs to high voltage/current outputs. ICL7667 properties include low delay and transmission times 

(typical values around 20~25 ns) and low supply current.  ICL 7667 has also been proved successful 

on other spacecraft used with the same function [21]. To minimize on-chip ringing and heat/power 

dissipation on the CCD, ICL7667 are terminated with 100Ω resistors, redistributing the current 

between both components. 

 

Figure 10:CRB Block Diagram [21] 

The energy consumption of the CRB depends on the operational mode of the CRB. Since the 
performance of the CRB depends on the state of the CCD, different components inside of the CRB are 
powered if they are required during that stage of the process or not. Table 3 shows the power 
consumed by the different parts of the CRB on the different operational mode. 
  

Table 3: CRB power consumption according to 
the stage of the process [21]. 
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4.1.4 Control Power Regulation Unit 

The Control Power Regulation Unit (CPRU) can be divided in 2 different parts according to their 

function: voltage regulation for the CRB and control logic including multiplexing. Figure 11 displays 

the structure and different boxes forming the CPRU. CPRU is connected to the on-board controller 

back plane through a 96-pin connector and to four CRB via 25 pin μD connectors. The OBCBP receives 

3 regulated voltages (+/-16V and 3,3V) and one semi-regulated DC voltage (+32V). Each CRB receives 

control logic and an LVDS interface through a separate group of linear regulators, 2 of them are 

adjustable and the other 2 are fixed. The voltage adjusting is made by a pulse-width modulation 

(PWM) signal which oversees setting the reference. Control logic is regulated through PWM, ENABLE 

and FAULT signals via signal to peripheric interface. 

The CPRU provides to the CRB with 5 different voltage supplies: Vod (from 32V to 27V), Vrd (from 

19V to 15V), Vgate (from 15V to 12V), Vsubs (from 11V to 8V) and a -10V analog supply. The voltage 

supplies should avoid any kind of noise as it may be transmitted to the CRB analog chain. Therefore, 

the reading performance may be affected by the noise.  

The aforementioned voltages are supplied by lineal series regulators. Figure 12 displays the regulators 

diagram. 

Figure 11: CPRU Overview [21]. 

Figure 12: CPRU adjustable linear regulator. 
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Supplies voltages can be adjusted to the changes produced by the ionization in the CCD threshold 

drift. The PWM signal generated on the CPRU FPGA and a low pass filter are responsible of the 

reference voltage stabilization. 

MOSFET technology was selected over a pair of bipolar PNP and NPN transistors as the pass element 

since it allows for a lower forward voltage drop. “To increase the P channel MOSFET robustness 

against radiation a larger than needed package has been chosen with higher power dissipation. 

Moreover, radiation degrading effects on the P channel MOSFET would be compensated by the 

operational amplifier regulation.” [21]  

LM193DR dual differential comparators are set to automatically detect the loss of regulation by the 

operational amplifier by detecting the consequent overvoltage. The threshold established for the 

differential comparators are the ones displayed on Table 4. A pair of current sensing resistors (R156 

and R157) with a transistor (Q17) establish a short circuit current limit. The setting prevents the 

MOSFET from overheating avoiding possible damages on the PCB. 

To provide the negative supply voltage, the CPRU has one fixed regulator per CRB. LT1964-SD is the 

commercial negative linear voltage regulator selected to cover the function. No output short circuit 

protection is required for LT1964-SD as they are expected to work under overload conditions. The 

negative voltage only supplies bipolar devices which are immune to single events where a short circuit 

can occur. 

Linear regulators require periodic monitoring to detect possible undervoltage or under regulation. In 

case of failure, short circuit or error on the performance of the linear regulators, it is possible to switch 

off or restart individually any of the CRB through the use of the ENABLE signals configured on the 

CPRU. 

To monitor the four adjustable regulated voltages, an ADC ADS7953 installed on the CPRU is used. 

Although the ADC is part of the CPR, it is controlled only by the on-board controller. Therefore, CPRU 

control logic and its ADC share the CLK, Master Output Slave Input (MOSI) and Master Input Slave 

Output (MISO) signals since both are connected to the OBCBP. The ADC also has its own signal 

ADC_CSN to disable while its function is not required. 

The ADC uses a voltage reference of 2.5V. Therefore, the utilization of a voltage divider is required to 

maintain the ADC inputs between 0V and 2.5V. Besides, an LT6220 operational is required to 

increase the current incoming from the ADC multiplexer. Measurement ranges for the ADC are 

displayed on Table 4. 

Actel A3P250 FPGA in a 208-pin PQ package is the element inside of the CPRU in charge of control 

and signal management as it does fulfil the required number of LVDS signal pair drivers. The FPGA 

has control logic to manage the CRB regulators and overvoltage detection. These capacities include: 

CRB powering, check power limit statuses, set the voltage value on the adjustable linear regulators 

within an 8-bit accuracy and check from the point of view of the CPRU FPGA the signals CS and EN. 

Table 4: Regulated voltages limits and ADC 
measurement ranges [21].  
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Besides, CPRU FPGA can multiplex five LVDS signal pair received from one OBC to four of the CRBs. 

STEXP signal is not multiplexed and each CRB has a signal specifically addressed. The selection of 

the desired CRB is made with the signals SEL0 and SEl1, allowing a total of 4 options (00,01,10,11), 

one for each CRB. 

3.3V is the required voltage to control the FPGA logic interface and it is provided by the power rail 

provided by the OBCBP. The function of the FPGA banks 1 and 3 is to power the LVDS signal pairs 

and they use a 2.5V reference voltage to achieve it. FPGA bank 2 function is to enable signal for the 

regulators and the PWM signal generation. To obtain the 2.5V and 3.3V references TPS76925 low-

dropout regulators are utilized with 100mA and powered from 3.3V. 

The system clock that provides the timing signal utilizes a CFPT-126 series temperature compensated 

crystal oscillator. Although the clock used is different from the one in the CRB FPGA, the frequency 

of the clocks is the same, 32.768MHz. Wherever is possible, to reduce the number of clocks utilized 

in a circuit increases the circuit performance. 

CPRU power consumption is determined by the use of the CRBs and their operational mode as it is 

the CPRU the element in charge of power supply (Values displayed on Table 3). The CPRU required 

power to perform the control and logic functions is 350mW on standard working conditions. 

Worst case scenario involves the 4 CRBs in readout mode. On that situation, the consumption of each 

CRB is 2.8W. The estimated efficiency of the CPRU linear voltage regulators is ~70% so the expected 

dissipation by each CRB is 4W. CPRU takes on itself part of that dissipation: 4W-2.8W=1.2W per 

CRB. So, the total consumption is 4.8W plus the 350mw from the control functions resulting into 

5.15W on the worst-case scenario.  

4.2 Critical Components and Performance Characteristics 

4.2.1 ADC 

There are 2 different types of analog-to-digital converters inside of the MATS satellite. Inside of the 

CPRU, the chosen converter is the ADS7953 and the AD7621 is used inside of the CRB.  

The ADS7953 function is to transform the supply voltages to monitor the right powering of the CRBs. 

MATS utilizes the version of the converter with 12-bits resolution [24]. Therefore, the ADS7953 can 

provide a total of 4096 different measurements. The ADC receives a 2.5V supply voltage. ADS7953 

uses the external supply voltage to establish the values transformed by the ADC. On the MATS satellite 

the resolution provided taking account of the bit number and the supply voltage is 0.6mV. 

ADS7953 is not in constant utilization. To control the utilization of the ADC an enable signal is 

specifically connected from the CPRU FPGA to activate it when it is required. ADS7953 have a multi-

channel configuration multiplexed, so it is directly connected to the supply voltages and to a 2-bits 

signal provided by 2 different inputs, SEL0 and SEL1, identifying the required supply voltage to 

measure. 

AD7621 converters are in charge of processing the signal provided by the CCD chain circuit. Every 

CRB has their own ADC7621. The voltage reference used by the ADC7621 is an internal value of 

2.048V. The ADC resolution is 16-bits where the most significative bit is reserved to indicate a positive 

or negative value. AD7621 is able to provide a total of 65536 different values with a least significant 

bit resolution (LSB) of 62.5 μV. The maximum value required to be measured is 1.8 V plus the noise 

added to the signal by the chain circuit. The ADC have 3 possible modes to perform the signal 

conversion: 3 million samples per second (MSPS), 2 MSPS and 1.25 MSPS. On the slowest 

configuration the ADC performs a total of 1.250.00 samples per second (1 sample every 800 
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nanoseconds). The sampling rate speed is enough to capture the data signal provided by the CCD. The 

charge stored on the CCD pixels may be lost if it is not transferred quickly. The approximated time to 

read a pixel is 1.5 µs. AD7621 supply power is dependent on ActelPro ASIC3 A3P250 and it only 

operates when the FPGA requires it to decrease the energy consumption. 

The following parameters are the ones that are relevant on the ADC decision for the MATS correct 

performance: 

• Resolution: It is required that the ADC have an appropriate bit number to provide an accurate 

measurement. AD7621 requires a high resolution to be able to distinguish the number of 

electrons stored in a CCD pixel. According to the CCD datasheet, an electron generates an 

output signal of 4.5 μV. The signal is amplified along the chain circuit and it has a gain of 4, 

therefore the voltage generated by one pixel at the ADC input is 18 μV. AD7621 has a 

resolution of 62.5 μV, so the least significant bit increases every 4 electrons impacting with 

the CCD pixel. 

ADS7953 requires an accuracy level high enough to perceive a significant variation on the 

power supply provided by the CPRU. The worst situation occurs on the OUTPUT signal which 

possesses a value between 27 V and 32 V. The measurement is made before the adjustable 

linear regulator, which has a gain value of 20.6.  If the least significant bit varies one unit, the 

change in the signal before the linear regulator is 0.6~1.2 mV, but the change in the power 

supply is 12~24 mV. The device has a maximum offset error of 3.5 LSB, therefore the possible 

deviation caused by the ADC is 84 mV. 

• Noise generation: Noise generation is critical on the AD7621. CRB-A mission is to preprocess 

the signal generated by the CCD. It is required that the ADC does not distort the data by 

converting it to digital. According to the datasheet, AD7621 has a signal-to-noise (SNR) value 

of 90 dB. The SNR indicates the relationship between the power of the signal and the power 

of the quantization noise generated within the ADC. 

ADS7953 does not have a low noise strict requirement. The signals processed by the ADS7953 

are DC. If any significant intermittent variation appears on the signal it is automatically 

characterized as noise. 

• Power consumption: The parameter has a high level of significance on both conversers. Power 

supply on the satellite has a limited value of 40 W. Therefore, it is a requirement for every 

component on the satellite to have the minimum power demand possible whenever they are 

active. According to the datasheet, ADS7953 has a power dissipation of 14.5 mW and the 

AD7621 has a power dissipation of 86 mW on its more demanding mode. When they are not 

active, the AD7621 has a 600 μW power dissipation. ADS7953 has a power down current of 

1μA. ADS7953 is powered at 3.3 V, so the power consumption when it is not active is 3.3μW. 

• Voltage reference: The supply voltage provided to the ADS7953 is also the voltage used by the 

ADC as a reference on the ADC conversion scale. A variation on the supply voltage changes 

the voltage resolution on the less significant bit. To avoid errors caused by a change in the 

supply voltage, the ADS7953 has a voltage input range between 1.7 V to 5.25 V. FPGA output 

signals have maximum values of 3.3 V, therefore the reference can be directly controlled from 

the CPRU. 

AD7621 voltage reference is internal to the device. The device itself converts the supply 

voltage into a 2.048V signal. 
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Radiation effects over ADCs are documented on a study carried out on the Brookhaven National 

Laboratory in 2014 [25]. The research purpose was to analyze the possibility of using commercial 

ADCs on a particle accelerator, however there is a complete section dedicated to the TID effects on 

ADCs. A premise of the research was that an ADC performance is considered no valid once the output 

value differs more than a 5 % from the real value. The tested ADC are based on CMOS technology as 

the ones utilized on the MATS satellite. The research studied the results over 100krad irradiations, a 

value 10 times bigger than the MATS is expected to be exposed. Along the different tests, it was 

confirmed that the ADC have a catastrophic failure before the output value had a variation bigger than 

the 5 %. 

Variation on the performance was divided on 2 distinct sections. The first section has a linear 

variation of the performance for irradiation values below the 200 krad and the variations are from        

-0.07 %/krad to -0.015 %/krad.  The second section covers values over 200 krad and the performance 

is non-linear and non-predictable.  

Radiation effects over the signal to noise ratio are non-significant. The SNR values are the same along 

ionizing 8 Mrad. Small reductions are found between the 500 krad to 1 Mrad range. However, ADCs 

increase the current consumption exponentially when the ionizing dose is higher than 250 krad. 

The research provides a solution to the effects caused by the radiation. If the ADC is subjected to an 

annealing process, the radiation effects disappear on a 99.5 % compared to the pre-radiation device. 

Subjecting the MATS to an annealing process is impossible during its life cycle, however the 

maximum expected amount of irradiation is 10 krad. According to the study, the current variation at 

the end of the MATS life is expected to be -0.15% and its effect can be corrected via software.   

Due to the importance of the ADC performance on the CRB, other ADC candidates were studied as a 

possible choice following the research provided by P.Thomas [26]. On Table 5, the alternative options 

according to Thomas research are displayed.  AD7621 was chosen as it provides the best values on the 

key parameters and the LTC1419 is chosen as backup if the tests show that the AD79621 is not suitable. 

AD976A is a possible choice but it requires of an external sample and hold circuit adding more 

complexity to the IC. Besides, AD976A and LTC1419 have higher values of power consumption which 

is not recommended as the MATS requires a total of 6 CRB ADCs. 

Table 5: ADCs considered for the MATS instrument. 
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4.2.2 RAM 

RAM or Random-Access memory is the hardware in charge of storing data and machine code 

currently being used. RAMs allow data to be read or written at the same speed independently of the 

physical position of those data inside the memory. MATS CRB-D Ram stores and processes the full 

pixel image provided by the CCD42-10. The chosen device is the Cypress CY7C1061AV33 16Mbit 

(1Mx16bit) SRAM. 

The RAM capacity has 2 requirements. The first requirement was to have enough space to read a full 

image. Therefore, each pixel is considered a word and in the maximum load capacity an image is of 

1046528 words. The second requirement was to have a word size of the same size provided by the 

AD7621, 16bits. The memory chosen has a capacity for 1048576 words of 16 bits. 

Static RAM was chosen over Dynamic RAM because of simplicity, higher speed and lower power 

consumption after both options were compared. Cypress CY7C1061AV33 has a maximum power 

consumption of 990 mW. A low power consumption is required on the RAM devices as each CBR of 

the satellite have one. The memory speed is determined by the time to access a data, the read cycle 

time and the write cycle time. To process the information provided by the ADC it is required that the 

time parameters are lower than the output valid data time from the CCD. Cypress CY7C1061AV33 has 

tRC, tWC and tAA values of 10ns, below the 1.5 µs output valid data time per pixel. 

SRAM are susceptible to all the possible radiation effects described in 2. Radiation Effects on 

Electronics as they are formed by a diverse range of components. Ionization effects have their biggest 

consequences in the parameters of the MOS transistors within the SRAM. Radiation builds the charge 

in the Si/Si02 interface causing: the rise of the leakage current, reduction of drain-source breakdown 

voltage, a deterioration of noise parameters, reduction in surface mobility and variation of the 

threshold voltage ∆𝑉𝑇ℎ. 

Substantially, the change of the threshold in a MOS transistor depends on the electric field in the 

silicon oxide. Therefore, the generated and trapped charge is severely influenced by the bias voltage 

of the transistor, e.g. on a PMOS, the positive charges are attracted by the negatively charged gate. 

The threshold variation ∆𝑉𝑇ℎ [27] can be expressed as the sum of 2 terms, the increase of the charge 

in the silica QOT and the interface-trapped charge QIT.  

Cox is an oxide capacitance expressed per unit area, e is an elementary charge, ∆𝑁𝐼𝑇 and ∆𝑁𝑂𝑇  are the 

interface states and oxide-trapped charges densities, respectively.  

The effect of the voltage threshold shifting can affect the logical performance of a RAM circuit. Logical 

circuits perform with fixed voltages along the entire circuit to activate the different logical operators 

(NOR and NAND). Variations on the working voltages of the transistor may cause that the fixed 

voltages used on the circuit are no longer enough to function. Temporary or permanent shift of certain 

transistors threshold voltage may cause the malfunctioning on data or machine code storage, e.g. SEE, 

or even the total crash of the device. 

Studies researching the amount of soft errors caused by the exposure of SRAM to Co60 ionizations 

sources [28] have displayed results of 0.622 soft errors/hour after 15 krad and 0.64 soft errors/hour 

after 30 krad irradiation doses. 

 
∆𝑉𝑇ℎ = −𝑒 

1

𝐶𝑜𝑥

 ∆𝑁𝑂𝑇 ± 𝑒 
1

𝐶𝑜𝑥

∆𝑁𝐼𝑇 (4) 
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To recover the initial SRAM parameters after radiation exposure is possible by an annealing process 

over the device. Annealing is a complex process, that may occur naturally, dependent on a wide group 

of parameters: trap depth, temperature, gate bias voltage, radiation exposure and dose rate. The 

external electric field maintains its influence on the charges complicating the natural process of 

annealing. However, the most important parameter on an annealing process is the temperature. The 

increase of the device temperature excites the electrons increasing their mobility, making easier for 

them to find a hole to recombine with, neutralizing the ∆𝑉𝑇ℎ. Figure 13 displays an example of 

reduction of the trapped charges and interface states during an annealing process increasing the 

temperature in a standard MOS device.  

 

However, performing an annealing process on the RAMs installed in the MATS is not feasible. The 

satellite will orbit uninterrupted for two years remotely operated from the ground. Therefore, to make 

the satellite land and to launch it again after the radiation effects are mitigated is not possible. To 

install a device that allows to perform the annealing during the orbiting process is discarded due to 

the reduced payload volume and high-power consumption to reach the temperatures required in the 

anneal process. It is a requirement that the SRAM selected maintains the functionality with a TID of 

10 krad. 

4.2.3 Analog Switch 

The analog switch constitutes one of the key elements in the CRB-A. The function of this element is 

to separate the image data from the reset pulse of the CCD. 

Parameters that are relevant for the component are: 

• Charge injection: Whenever a MOS device is used as a switch, it is possible that a 

voltage spike is added to the signal during the state switching. The spike is caused by the 

dispersion of the charge stored due to the control logic signal on the MOS capacitance to the drain 

and the gate. 

• Time limits: The time required to open and close the switch are not negligible for high-

accuracy and high-speed operations. Concerning the MATS satellite, the CCD output signal has a 

variable frequency according to the time to shift lines and transmission of the image data. MATS 

satellite does not have a shutter to block the incoming photons after the exposure has finished. 

Therefore, it is required that the transmission of the information is made quickly to avoid a 

variation in the exposure time between pixels. The standard time per pixel to perform the deliver 

Figure 13: Effects of the annealing temperature over the electron-hole pair 
generated over a standard MOS device [38].  
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the information of the CCD is 1.5 µs. Therefore, the sum of the times to open and to close the 

switch requires to be lower than 1.5 µs to guarantee that the minimal amount of information is 

lost. 

• Off/On leakage: There is a possibility of having variable inputs of current leaked into 

the chain circuit. They are caused by the charge stored on the silicon. Current inputs can go either 

from Source(S) to Drain(D) and D to S while the switch is open. Since the function of the Clamp 

is to erase the reset pulse on the signal, to introduce any input into the CCD signal has to be 

avoided. 

• Resistance: The on-resistance parameter determines the time required by the 1nF 

capacitor on the third block displayed in Figure 9 to charge. ADG5212 SPST has an on-resistance 

value of 200Ω at 25 º.  The time required to charge a capacitor is the multiplication of the 

resistance, R, expressed in Ohms and the capacitance, C, expressed in Farads. The 𝜏 value 

obtained is in seconds and it is named time constant. It is possible to consider that a capacitor is 

fully charged after 4 to 5 time constants. The chain circuit requires that the charge time of the 

capacitor is less than 1/12th of the pixel time to keep synchronized with the signal. A rise of the 

resistance makes the time response of the capacitor too slow. 

Analog switches are based mostly on CMOS technologies. Devices whose functionality depends on 

MOS transistor may be affected by the voltage threshold shifting. Analog switches are formed by a 

PMOS and a NMOS transistors in parallel regulated by an inverter and a logical signal. The respective 

drains and sources of the two transistors are connected to both terminals of the analog channel, D&S, 

as it can be seen in Figure 14.  

Previous research [29, 30] shows that analog switches are devices with a higher susceptibility to 

irradiation compared to other analog devices. This can be seen in a phenomenon named Partial 

Inactivity Window (PIW). PIW is the loss of the capability to switch between the ON and OFF on 

analog switch devices. The PIW can be associated to displacement damage or to the voltage threshold 

shift caused by the irradiation. Analysis on different analog switches from different companies unveils 

that variation on the voltage threshold is associated to irradiation speed [29]. Results display either a 

quick monotone decrease or a lineal increase of the voltage threshold, almost from the beginning of 

the irradiation. 

 

Figure 14: Architecture of an analog switch [39]. 
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PIWs appear due to a discrepancy on the voltage threshold shifting of the PMOS and the NMOS. 

PMOS transistors experience an increase on the absolute voltage threshold values, whereas NMOS 

transistors voltage threshold depends on the dose rate. Therefore, it is possible for the voltage 

threshold of the NMOS to reach 0V or negative values. While the NMOS has a negative values, it is 

not possible for the Drain I/O to change between HIGH and LOW values since VTH,N <0. Nevertheless, 

if the exposure continues, VTH,N returns to a positive value recovering the switch functionality. 

The higher susceptibility of the analog devices is also reflected on the recovery process from 

irradiation damages. Activity of the device is an accelerator of the irradiation damage. Electric current 

prevents the electrons from recombining with the hole created. Devices with lower activity may 

experience several PIW on their characterization. Multiple inactivity windows may appear because 

the activity level of the switch is not enough to maintain the increase of the NMOS threshold and on 

its recovery process it returns to the inactivity windows (Figure 15). 

Leakage current is the parameter most affected by the radiation, variations occur from the initial 

nanoampere value to milliamperes with low doses of irradiation. The increase of the leakage current 

is severely affected by the dose rates. 0.1 rad/s fluxes lead to an increase of 0. 6mA once the dose 

exceeds 10 krad. Whereas, 20 rad/s fluxes lead to a rise of 0.8 mA once the dose exceeds 2 krad [30, 

31]. MATS mission expects low dose rates and to achieve the value of 10 krad after the 2 years life 

cycle. Therefore, it is not expected that the leakage currents affect the performance during the mission 

time. 

Irradiation tests performed on commercial switches display increases of the required supply current 

at doses from 1 to 2 krad. The increases occur at higher doses if the switch has a low level of activity, 

switches that were not operated during the irradiation display changes on the required supply current 

at values beyond 5 krad or were not affected at all. The increases experienced by the commercial 

devices are in the order of magnitude of 1 to 4 in irradiation values lower than 10 krad [31]. The MATS 

analog switches are turned-off most of the time. However, switch activity is located during the most 

power consuming mode of the CRB. Therefore, the rise of the switch power demand may be 

concerning to the total power consumption.  

Figure 15: Evolution of the voltage threshold of a MAX313 according to the irradiation level in a 
mixed neutron and ionizing radiation environment. [29] 
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Resistance values increase according to the existing research [30]. Causes of the increases are not 

clearly defined, yet the rise may be caused either from the decrease of the mobility and concentration 

of carriers or the change in the threshold voltage of the transistors. The effect of a rise in the resistance 

alters the time constant of the capacitor in the 3rd block. A bigger time constant implies that the 

capacitor may not charge on the required time and part of the voltage signal containing the CCD data 

is lost.  Resistance growth is associated to high irradiation doses. Therefore, resistance rise is not 

expected on the MATS mission.  

The selected switch on the MATS mission is the ADG5212. Yet, due to the high susceptibility of the 

analog switches, alternatives are proposed. ADG1212 with the same configuration as the ADG5212 

and slightly worse leakage current and charge ejection at the starting dose. DG442 which has worse 

performance compared to the ADG5212. 

4.2.4 Amplifiers 

The parameters that are concerning when selecting an amplifier are low noise input, high slew rate (a 

requirement to react quickly to the voltage variations), high bandwidth and that low signal distortion. 

By design specifications, the Op-Amp also needs to have bipolar power supply. The selected Op-Amp 

to perform this function is the ADA4898-1 which has a very low noise input and high speed. 

Alternatives were ADA8027, ADA829 and ADA8021 from Analog Devices and THS4031-EP, 

THS4631, THS4021 and THS413 from Texas Instrument. 

Alternatives are needed due to the possible malfunction of the Op-Amp when it is exposed to 

radiation.  According to the work of Gunaseelan et Al [32] Op-Amps can suffer a gain decrease when 

they are exposed to ionizing radiation especially at higher frequencies. The variation starts to be 

significant around 10 krad which is the amount expected to suffer by the MATS in worst conditions.  

Another variable parameter known from state-of-art research is the rise of the input offset voltage. 

The input offset voltage by itself is not a really concerning parameter if it is low, but its rise may cause 

an error on the CCD reading.  

Gain is usually expressed as the output voltage, 𝑉𝑂𝑢𝑡, divided by the input voltage, 𝑉𝐼𝑛. However, if the 
input offset voltage, 𝑉𝐼𝑛𝑝𝑢𝑡 𝑂𝑓𝑓𝑠𝑒𝑡  is added to the equation to obtain the gain expressed as 

 𝑉𝐼𝑛 + 𝑉𝐼𝑛𝑝𝑢𝑡 𝑂𝑓𝑓𝑠𝑒𝑡

390
+

𝑉𝐼𝑛 + 𝑉𝐼𝑛𝑝𝑢𝑡 𝑂𝑓𝑓𝑠𝑒𝑡 − 𝑉𝑂𝑢𝑡

390
=  0 (5) 

 

the gain new value is 2 +
2∗𝑉𝐼𝑛𝑝𝑢𝑡 𝑂𝑓𝑓𝑠𝑒𝑡

𝑉𝐼𝑛
. Ideally, the input offset voltage of a CCD is 0V. However, on 

real circuits it is negligible, but not 0 V. The rise of this parameter affects the gain of the amplifier, 

altering the output voltage value. 

Besides, the authors document a noise reduction generated by the device with the rise of the radiation 

levels. This contradicts the work of Meisenheimer and Fleetwood  [33, 34] which stated that the 

irradiation of MOS components creates oxides trap charges that are directly correlated with a rise of 

the frequency noise and radiation causes a reduction of the noise.  
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5. Data Signaling 

To obtain an image provided by the CCD, a sequential process must be followed involving all the 

components located inside the CRB. On this chapter, the control signals related to this process and 

the evolution of the data signal along the CRB is explained. The process is separated on 4 different 

modes: Flush, Exposure, Readout and Transfer. Power consumption associated to the different modes 

and CRB components are itemized on Table 7. 

5.1 FLUSH 

The first part of the process to capture images with a CCD requires to get rid of any accumulated 

charge in the device prior to the exposure. The accumulated charge is mostly associated to 

illumination and the dark current. Dark current is independent to the light reaching the CCD and 

arises from thermally generated electrons that are stored in the CCD wells and it is added to the image 

signal. Therefore, before the start of an exposure, all rows are shifted down, with dump register 

activated on the lowest row. The process ensures the elimination of most of the accumulated charges. 

The clocking signals controlling the CCD working process are sent from the CRB-D ActelPro ASIC3 

A3P250 FPGA. Connection between the FPGA and the CCD is made through the ICL7667. ICL 

function is to transform the digital orders sent by the FPGA into high voltage analog signals to be 

comprehended by the CCD. 

During the flush process, the signals involved are EN, CLK, CS and STEXP. DATA is not required as 

the information provided by the CCD is not being processed and the active components of the chain 

circuit is not enabled. Therefore, during the flush mode the only components that experience an 

increase on their consumption are the CCD and its drivers. The rest of the CRB is not operative and 

its consumption is kept as in resting state. 

5.2 EXPOSURE 

The exposure mode is a resting state of the CRB. During the exposure process the CCD is waiting for 

the incoming radiation to collide with the pixels to generate a charge inside the wells. The exposure 

mode starts with the same procedure as the flush mode. Once the MATS CPU sends the enable signal 

to the CPRU and the CRB, the CRB sends the STEXP signal to the CCD initiating the exposure. The 

CRB uses its internal clock to determine when the process has finished. Consumption during the 

exposure mode is the minimum consumption possible for the CRB.  

5.3 READOUT 

Readout is the mode where the majority of the CRB activity is focused. Power consumption on the 

CRB is increased to its maximum and all the CRB internal components are working at the same time. 

During the readout 3 different process are occurring simultaneously: CCD is shifting the charges row 

to row and column to column thanks to 6 clocked signals provided by the CRB FPGA, the active 

components of the chain circuit are enabled, the ADC is converting the analog signal into a digital 

one.  
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5.3.1 CCD Readout 

CCD structure has been described in 4.1.1 CCD. Every pixel on the CCD is composed by 3 different 

charge capacitors organized in columns. To transfer the information from one pixel to the one below, 

3 clocked signals are required. To transfer the information from the pixels on the bottom row to the 

adjacent another 3 clocked signals are required. An extra signal is required on the output register to 

reset the value of the register once the information has been transferred to guarantee that the register 

is empty.  Therefore, a total of 7 clocked signals are in charge of transferring the information from the 

pixels to the output register (Figure 16). 

During the exposure process, only the signal related to the first well in every pixel is at high voltage. 

A positive signal on a well causes the movement of all the negatives charges generated on the pixel to 

move to the first well. When the exposure finish and the readout mode begin, the 7 clocked signals 

start their periods. 

The process starts with the shift between different pixels in the bottommost row as it has been 

described in 4.1.1.3 Charge Transfer. The process is repeated as many times as the number of columns 

the CCD possesses, until all of them have been transferred to the output register. On the CCD42-10 

the number of columns is 2048, although it is not required to utilize the total number of columns on 

an image capture. 

After the reading of the first-row samples, the following part of the CCD process requires to shift the 

information from the penultimate row to the last one and subsequently the rest of the lines one line 

down in an identical process to the column transfer with 3 different signals. The process is repeated 

for every row until all the information from the CCD have been transferred to the chain circuit. 

Figure 16: Frame Readout Time Diagram [37]. 
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The disposition of the pixels on the column rows follows the same principle as the pixels on the bottom 

row. The third well is adjacent to the first well on the next row. On the connection between the 

penultimate row with the last row, pixels are located perpendicular between them, so the third well 

of the penultimate row can be placed next to the first well of the last row pixel and at the same time, 

all the last row third wells are adjacent to the last row next first wells (Figure 17). 

5.3.2 CRB-A Readout 

The structure of the CRB-A has been described in 4.1.2 CRB-A. The function of the CRB-A is to process 

the CCD output signal displayed on Figure 18. The CCD signal can be divided on three different 

sections, the reset feedthrough, the reset level and the signal output. 

The reset feedthrough pulse is a consequence derived from the CCD functionality. To ensure that no 

electron is stored in the sensor capacitor at the output, it needs to be reset to the reference level.  To 

achieve it, a reset pulse opens a MOSFET device connecting the output capacitor to the reference level. 

Consequently, the reset signal has a periodic positive value on the output signal derived from the 

capacitive coupling from the gate. The reset feedthrough is not relevant to the image processing and 

requires to be cleared from the analog signal. 

The signal output is the voltage value generated by the electrons stored on every CCD pixel. The 

voltage range is found between 0 V and -450 mV and the duration of the signal is 1.5 µs per pixel. This 

part of the signal is the one containing the image information. However, the signal output is also 

affected by the dark signal DC-offset. 

The elimination of undesired signals is made on the different blocks of the CRB-A (Figure 9). On the 

first block the signal is AC coupled with the use of a ceramic capacitor. On the second block the signal 

is amplified with a gain of 2.  

Figure 18: Output signal of the CCD [37]. 

Figure 17: Disposition of the pixel wells on the last rows of the CCD. 
Red: 1st wells. Blue: 2nd wells. Green: 3rd wells. 
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On the third block, the effect of the Clamp/Hold eliminates the information related to the pixel reset 

process on the CCD output signal. The clamp is controlled by a clocked signal which determines the 

state of the clamp. The ADG5212 is a contact type normally open, so the clamp closes if it receives a 

high pulse through the digital input. When the clamp is closed, the signal is connected to ground. The 

effect of opening and closing the clamp is not immediate. The opening of the clamp should be 

performed at the same time the signal output is sending image information. This guarantees that no 

reset feedthrough leaks into the image data section of the signal. Similarly, closing of the clamp should 

be performed a small fraction of time before the image data sending process finish. Activity analysis 

displays that the switch is open during a 10 to 20% of the readout mode, whereas it closed the rest of 

the time.  

On the 4th block, the signal is amplificated another time with a gain of 2. 4th block establish the 

maximum voltage range of the CCD signal (Figure 19). CCD output absolute value range is between 

0V and 1.8V. 

On the 5th block, the signal passes through a single ended to differential converter. The 5th step is a 

requirement established by the ADC as it has a fully differential input. The THS4130 converts the 

signal into 2 different admissible outputs by ADC7621, has a gain of 1 and it does not amplify the 

signal. 

On the 6th and final block, a low pass filter removes any outside interference or high frequency noise 

from the ADC. The low pass filter requires a time constant with a minimum value of 1/12th of the time 

between output valid and ADC sample time to guarantee that the CCD are not filtered. After the effects 

of the 6th block the CCD signal is introduced into the ADC for its conversion to digital. 

5.3.3 ADC readout 

AD7621 has a 16-bit resolution. Therefore, the digital signals are expressed as the combination of 16 

pulses that can be send through one output, serial; or a group of sixteen outputs, parallel; offering a 

total of 2^16 possibilities, 65536 possible combinations.  

Figure 19: Evolution of the CCD signal on the different CRB-A blocks and the C/H logic signal 
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AD7621 architecture recognizes positive and negative inputs on the converter. Hence, the zero voltage 

is expressed at the middle of the ADC possible values. AD7621 segmentation of the signal is made on 

62.5 μV fragments. However, CCD values are only negative, thus the possible combinations are found 

between 0x8000 and 0x0F80. Table 6 constitutes a guide on how the analog inputs are converted 

into digital output code taking account of the full-scale range.  

 

Output data of the ADC are sent to the 16Mbit SRAM. SRAM function is to allocate all the values of 

the image into data arrays of 16bits.  

5.4 TRANSFER 

Transfer mode is the last step on the CCD image capture process. During transfer mode, the elements 

that maintain functionality are SRAM, FPGA and the LDVS interface. The active components are in 

charge of processing the image and send it to the MATS central brain. Image was stored on the SRAM 

and sent to the CPU through the LDVS on a high-speed serial data readout.  

Transfer mode is the only part of the process where the power consumption of the LVDS is increased. 

The growth of the power demand is caused by the increased exchange of information compared with 

the other modes. During the previous phases of the process, LVDS traffic included control signals 

exclusively. 

Table 6: ADC conversion table [40]. 
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Table 7: Power consumption of the CRB components during the different phases of the data capturing process [21].  
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6. TESTS 

6.1 Timing Test 

6.1.1. Introduction. 

 

The analog signal is divided in 3 different parts, the reset level, the reset feedthrough and the signal 

output VD. The analog switch functionality requires that the switch is open during the transmission 

of VD. The rest of the time the switch must be closed. 

The time for the clamp to be open is a process that must be carefully supervised.  The switch needs to 

be open at the same time the CCD is sending the VD.  If that process is not done correctly, the reset 

feedthrough may leak into the ADC causing noise and errors on the image.  Opening and closing times 

are parameters whose value is specified by the manufacturer, but the variation is not characterized. 

Since the synchronization requires to be optimal, a test to find adequate timing for the clamp is 

performed. The goal of the test is to verify that the switch is fast enough to act accordingly to the data 

signal and the time required to do it. 

The test has been performed May 4th, 2018 on the KTH Alfvénlaboratoriet.  

The experimental setup consists of an oscilloscope as the only measurement instrument, a power 

source, a computer to configure the performance of the device and a thermal chamber. The use of a 

thermal chamber is to help the switch characterization at different working conditions. 

The IC requires to be placed inside of the thermal chamber. Connection with the IC is made with long 

cables that exit the chamber through a designed hole which does not allow the thermal transmittance 

between the inside and the outside. However, at lower voltages the noise created by the cables causes 

a great effect on the signal and it is required to filter it. 

The cables were connected to 3 different channels measuring 3 different points of the IC: the logic 

signal controlling the switch (TP2), the CCD analog signal at the switch (TP8) and the substrate signal 

at the switch (TP3). 

The tests goals are to study the switching time variation at the switch and the time required to switch.  

6.1.2 Procedure 

1. Establish the thermal chamber at the required temperature. Before proceeding to the next 

step, it is required a waiting time higher than 5 minutes. The waiting time is necessary to 

allow the chamber and the components inside to stabilize at the settled temperature. 

2. Activate the CRB-A through commands in CoolTerm. 

3. Configure the oscilloscope trigger. The oscilloscope captures the 3 signals at the same 

moment that a change in the logical signal is detected. 

4. Initialise the CoolTerm macro. The macro is responsible of sending the opening and closing 

signal to the switch. After 5~10 seconds of initialising the macro the oscilloscope obtains the 

results. 

5. Saving the data collected on the oscilloscope in a USB. 

The procedure is repeated for the different temperatures to test until all the data have been collected. 
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6.1.3 Analysis  

The logic signal has been used as a reference to obtain the closing and opening time of the switch. For 
each cycle, Closing time (𝑇𝐶𝑙𝑜𝑠𝑖𝑛𝑔) is calculated as 

where 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑎𝑥 is the time in the instant a maximum is reached at the analog signal and 𝑇𝐿𝑜𝑔𝑖𝑐,1→0 

is the time at the instant the logic signal changes from 0 to 1. Opening time (𝑇𝑂𝑝𝑒𝑛𝑖𝑛𝑔) is calculated as 

where 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑖𝑛 is the time at the instant a minimum is reached in the analog signal and 𝑇𝐿𝑜𝑔𝑖𝑐,0→1 is 

the time at the instant the logic signal changes from 1 to 0. Both times are calculated in nanoseconds. 

Additionally, other 2 parameters are relevant on the clamp analysis. Clamped time (𝑇𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔), which 

is the amount of time when the switch is open, expressed as 

and Total time (𝑇𝑇𝑜𝑡𝑎𝑙), which is the amount of time necessary to finish the whole process, expressed 

as 

Clamped time is calculated as the time between the maximum and the minimum on the analog signal 

on each cycle whereas Total time is calculated as the difference between the logic signal transition 

from 0 to 1 and the instant the analog signal reaches a minimum. 

Inflection points on the analog signal are used to discern the instant the switch varies its state. 

Maximum and minimum are indicators that are used to separate the behavior on the different states 

of the switch. 

Measurement of the analog signal requires to filter the data captured by the oscilloscope. Filtering the 

signal eliminates the background noise created by the cables. The offset displacement on the analog 

signal is 0V as the mean value of the noise signal is null. On Figure 20 the original captured data is 

shown against the same signal filtered. 

 𝑇𝐶𝑙𝑜𝑠𝑖𝑛𝑔 = 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑎𝑥 − 𝑇𝐿𝑜𝑔𝑖𝑐,0→1 (6) 

 𝑇𝑂𝑝𝑒𝑛𝑖𝑛𝑔 = 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑖𝑛 − 𝑇𝐿𝑜𝑔𝑖𝑐,1→0 (7) 

 𝑇𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔 = 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑖𝑛 − 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑎𝑥 (8) 

 𝑇𝑇𝑜𝑡𝑎𝑙 = 𝑇𝐴𝑛𝑎𝑙𝑜𝑔,𝑀𝑖𝑛 − 𝑇𝐿𝑜𝑔𝑖𝑐,0→1 (9) 
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The voltage signal has been filtered using the moving average filter from Matlab. Moving average filter 

does not consider the totality of the function to find the mean, but a definite number of samples 

around the calculated value. Filter function comes described as 

X(n) corresponds to the original signal, Y(n) to the filtered one and Sample Size (SS) is the number 

of data samples used to calculate each value on the filter. 

A complication originates from using the moving average filter technique. The data used to calculate 

the filtered value are those that follows the data on the function. Using the data that follows ni causes 

to the resulting function to displace on the X value according to the SS value used on the filter. Figure 

21 provides a graphic description on how the moving average filter works. 

 

The effects of the deviation can be solved by using symmetrical filters where the SS is an odd value.  

 
𝑦(𝑛)) =

1

𝑆𝑆
∗ (𝑥(𝑛) + 𝑥(𝑛 − 1)+. . . +𝑥(𝑛 − 𝑆𝑆 − 1)) (10) 

Figure 21: Graphic description of the moving average filter technique [41]. 

Figure 20: Fragment of the real voltage signal and the filtered signal. 
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The shift is described as  

Therefore, on the representation of the obtained values after the filter, Y(Delay) matches temporally 

X (1) sample, being the last value of the Y function, Y(n-Delay) a temporal match to X(n).  

Figure 22 displays the difference between the original signal, the filtered signal and the signal with 

the delay corrected. The effects of the filter delay can be appreciated on the maximums and minimums 

of the delayed signal as they appear shifted ~110 ns. 110 ns represent a ~33% of the required time to 

perform the opening and closing process. To avoid possible errors on the time references used to 

express the performance of the switch, delay correction must be utilized. 

 
Figure 22: Comparison of the different filtered signals with the original one referenced to the logic input. 

The use of a moving filter requires the loss of data equal to Delay. To guarantee the correct 

performance of the filter it is necessary that the amount of lost data is not significant when it is 

compared with the total amount of data, TotalAmountData >>Delay. The data capture was settled to 

obtain 100.000 samples with the oscilloscope per channel. 

Due to the absence of an analytic expression of the voltage function to compare the data obtained, it 

is a requirement to perform a N number of filters with different SS. By obtaining N number of filters 

it is possible to establish a criterion to determine the validity of the signal obtained.   

A total amount of N=30 filters are applied whose sample size follows  

The maximum number of samples is equal to 191. Therefore, the maximum Delay value is equal to 95. 

Since 100.000 is 3 orders of magnitude bigger than 95, it is possible to consider the amount of data 

loss non-significant. 

On every data capture by the oscilloscope, 67 cycles corresponding to the opening and closing of the 

switch can be found.  The time value corresponding to the opening and closing time is calculated as 

the difference between the logic signal change and the change in the performance of the voltage signal 

 𝐷𝑒𝑙𝑎𝑦 =
𝑆𝑆 − 1

2
 (11) 

 𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟𝐹𝑖𝑙𝑡𝑒𝑟 ∗ 2 + 131        𝑁𝑢𝑚𝑏𝑒𝑟𝐹𝑖𝑙𝑡𝑒𝑟 = {1, . . . ,30}  (12) 
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associated to maximums and minimums of the function. Therefore, 67 opening values and 67 closing 

values are associated to each filter. 

To obtain specific closing and opening values for every filter and every time, the median of the 67 

value is obtained. Once the median value is obtained, the time values that are outside of the median 

±10 % range are rejected. The next step is to obtain the median again without the rejected values and 

repeating the process to guarantee that all the values fall within the specified range. 

Once all the time values are obtained on every filter, the mean and the standard deviation are 

calculated. The mean time values obtained are shown on  Figure 23 and displays the values on the 

different data capture processes. 

During the test a total of 14 data captures were performed. The temperature range obtained is between 

the +20 and -20 Celsius degrees. Each capture corresponds to an interval of 5 Celsius degree. On the 

interval between 0 and -20 Celsius degrees, 2 data captures per 5 Celsius degree interval are taken as 

it is an environment that deviates outside of the standard conditions. 

 

 

 

 

 

 

 

 

 

Figure 23: Mean Time Values obtained on the different temperature tests. 
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Tests show that the closing time is the characteristic which found itself less affected by the work 

environment change. 

The mean time required to open the clamp decreases with the temperature at 2.75 ns/ºC and the 

standard deviation increases at -5 ns. On the worst-case situation, standard deviation reaches a 20% 

value of the mean. 

6.1.4 Conclusion 

Clamping time is a parameter directly influenced by the opening time. The decreasing of the opening 

time creates an increasing of the clamping time. The rise of this parameter implies that the amount 

of time where it is possible to capture the CCD signal also increases. 

The total time, as the closing time, is not affected by the temperature environment. Therefore, the 

synchronization with the CCD reset signal does not require of an adjustment to maintain its 

functionality according to the environment.  

To guarantee the data reception without interference of the CCD reset signal, the logic signal ordering 

the switch to close requires to be send at least 90ns before the reset signal appears. Since the clamping 

process gets benefitted by the lower temperatures expanding the amount of available time, the CCD 

information data has a time gap that increases their value at lower temperatures. 

Time scale differs on 1 order of magnitude from the switch to the CCD signal. Time considered 

necessary to transmit the CCD data is approximately 1.5 µs per pixel as it was previously mentioned 

in 4.2.3 Analog Switch. The sum of the switch opening and closing time is ~160ns (1/10th part of the 

pixel time) and the standard deviation is ~25ns (1/60th part of the pixel time). 

  Process 
  Opening Closing Clamping Total 

Test 
Nº 

Temperature 
(°C) 

Mean 
(ns) 

Std (ns) 
Mean 
(ns) 

Std (ns) 
Mean 
(ns) 

Std (ns) 
Mean 
(ns) 

Std (ns) 

1 20 85 8,86 85 8,93 275 0,28 360 9,40 

2 15 85 8,88 85 9,00 275 0,54 360 8,97 

3 10 84 8,44 85 9,03 274,5 6,03 359 8,96 

4 5 83 11,59 85 9,01 274 11,47 359 8,96 

5 0 82 12,30 85 8,85 274,5 15,97 359 9,59 

6 0 82 12,42 85 9,02 275 14,30 359 8,95 

7 -5 81 12,97 85 8,89 274,5 15,87 359 9,69 

8 -5 80 12,89 85 8,55 275 15,88 359 10,78 

9 -10 80 14,09 85 9,14 274,5 18,10 359 9,03 

10 -10 79 14,05 85 8,99 275 17,96 359 8,94 

11 -15 78 15,25 88 8,88 275 19,90 362 8,43 

12 -15 78 15,24 89 9,63 275 19,82 363 8,70 

13 -20 75 14,74 85 8,99 275 20,46 359 8,64 

14 -20 76 14,72 86 8,66 275 20,31 361 8,54 
Table 8: Time values obtained for the switch processes 
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The switch operating time does not constitute a significant amount of time inside of the process of 

data capturing. Output valid time is ~10 times bigger than the closing and opening time together. 

Therefore, the opening of the switch is synchronized with the beginning of the output valid time 

without risk of losing a significant amount of data. Closing process is programmed to occur after the 

required amount of time necessary for the CPRU to capture enough CCD data without the risk of 

committing into the reset feedthrough. 

6.2 Switch Radiation Test 

6.2.1 Introduction 

The analog switch is considered the most susceptible to radiation device of the CRB-A. Failures on 

the performance of the device may lead to the uncommunication between the CCD and the rest of the 

readout box. Additionally, analog switches have different parameters that may be affected with small 

radiation doses and can cause errors on the CCD measurements. The objectives of the test were to 

find out the range of malfunction and errors that may be caused by the radiation. 

The initial test has been conducted on July 3rd ,2018 with an expected duration of 4 days. The test was 

carried on the Swedish Institute of Space Physics facilities in Uppsala. During the test, three ADG5212 

analog switches were submitted to radiation on a Cobalt 60 chamber. The 3 switches were working 

on different conditions during the test.  

After the irradiation process, a failure stopping the performance of the switches was detected. The 

test continued by testing the back-up switches options, DG422 and ADG1212. Tests performed on 

DG442 were carried during 2 days on the facilities starting July 7th,2018. Three different DG442 were 

tested, one provided by Maxim Integrated and 2 provided by Vishay. Tests performed on the ADG1212 

were carried during 3.5 days on the facilities starting July 10th,2018. Three different ADG1212 were 

tested. 

Results on the back-up devices were promising as the functionality did not stop after the irradiation. 

6.2.2 Procedure 

The process is conducted on a Cobalt 60 chamber, following the ESCC recommendations establishing 

the Co60 as the most adequate source to simulate Low-Earth orbit radiation environments.  The 

expected TID over the analog switches is 12krad. A bigger dose compared to the maximum expected 

is applied due to the higher susceptibility of the analog switches to radiation. 

The initial test was performed over three ADG5212. The expected dose rate is 125 rad/h along 4 days.  

The dose rate falls into the second window rate according to the ESCC.  Window 2 is considered low 

rate and it has been utilized since the rise on the TID takes a slow process of 2 years in the real mission. 

Therefore, time-dependent effects and small dose effects can be analyzed. 

The different analog switches covered different usages. The 1st switch was programmed to keep its 

activity to the minimum. The 2nd switch is programed to be in a constant switching state. The 3rd 

switch was programmed to cover a switch frequency between the first and the second switch. 

During the test procedure, the performance of the test was monitored. The switch output signal and 

the logic input signal of the analog switch were controlled. On Figure 24 a fragment of the data 

captured is displayed. The blue signal was a saw-tooth oscillating signal controlling the 

opening/closing process of the switch. The changes of the orange signal allow to determine at which 

points the switching occurs. To obtain the values in the blue signal where switching occurs allows to 
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determine voltage threshold changes. The evolution of this parameter determines the functionality of 

the switch. 

 

Figure 24: Fragment of the analog switch test measured signals. Blue: Switch logic input. Orange: Switch voltage. 

 After the first irradiation, the back-up switches were submitted to the same irradiation process with 

different doses. The second group of switches consisted on three DG442 with 2 different 

manufacturers. The group was exposed to the same TID on the time lapse of 2 days. The irradiation 

dose suffered by the group was 250 rad/h, the double of the amount the first group was exposed. The 

third group consisted on three ADG1212 from the same manufacturer. The total dose was 12 krad and 

the lapse of time required to achieve it was 3.5 days. The third group was exposed to a dose rate with 

a value of ~140 rad/h. 

During the irradiation process, the analog switches placing was structured in a way that the 

irradiation dose suffered by all the switches is considered the same. ESCC requires a variation lower 

than 10 % to confirm that electrical components irradiated at the same time suffered the same 

irradiation. In addition, the ESCC establish that to prevent rebounds effects caused by a low dose that 

allows an annealing process the dose must be higher than 36 rad/h. 

All the switches were power supplied by 2 signals of 10V and -10V respectively.  

6.2.3 Results 

Irradiation results display a performance heavily influenced by the irradiation on the analog switches 

since the beginning of the exposure as it can be seen on Figure 25. The original analog switch 

ADG5212 considered on the design is not feasible for the mission as its functionality ceases with TID 

around 7 krad, below the minimum 10krads standard requirements established. Back-up switches 

display different performances that can be admissible for the MATS mission since they maintain their 

functionality. The three switches did not stop their functionality at the same time.  

DG442 manufactured by Maxim Integrated, shows the worst performance out of the 3 back-up 

considered switches. Initially, the DG442 requires a higher voltage threshold to operate the switch, 

with a starting value of ~1.8V. The slope described by the voltage threshold evolution has a value of -

0.11 V/krad approximately.  Therefore, the switch would be unusable at values close to 18 krad. 
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DG442 manufactured by Vishay display an improvement of the performance compared with the ones 

manufactured by Maxim Integrated. At the starting dose, Vishay DG4422 requires the highest voltage 

threshold to operate the switch. Nevertheless, the decrease of the voltage threshold is less pronounced 

that the Maxim DG422 with an approximated slope of -75 mV/krad. Therefore, the switch stops its 

functionality around the 26.7 krad. 

ADG1212 by analog devices has the best performance from the back-up options considered. With a 

power supply of ±10 V, the required initial voltage to operate the switch is 1.5 V. The evolution of the 

voltage threshold is favorable for the MATS mission as it starts to differ more than a 10% from the 

initial value once the 6 krad has been overcame. The slope value has an approximate value of -40 

mV/krad. Therefore, the point at which the switch stops its functionality is expected on values higher 

than 36 krad, more than 3 times the expected irradiation value during the MATS life cycle. 

A higher amount of variation on the voltage threshold is experienced on the opening transition than 

during the closing transition. Possible causes for the noise on the voltage threshold may be the 

circulating current on the switch while it is closed. Voltage alters the logic signal creating small 

discrepancies on the voltage required to open the switch. 

6.2.4 Conclusion 

Considering the preliminary tests, the recommended option to continue the manufacturing of the 

satellite is the ADG1212. ADG1212 performance requires higher rad values to be significantly altered 

by the radiation and the power consumption is similar to the original switch. Therefore, the design is 

unaffected by the change of the switch. Also, compared to the DG442 manufactured by Vishay and 

Maxim the voltage threshold is significantly lower. 

The ADG1212 RHA level is classified as D as the maximum dose reached is 12 krad. However, 

according to the results obtained during the test, if the switch is tested until total failure it may reach 

a P level.  If the predicted collapsing values are used to obtain the RDH, the value obtained is 3.6 using 

10 krad as TIDL and 156 using the TID dose experienced by the RazakSAT-1 in a similar orbit to 

MATS. 

Figure 25: Voltage threshold evolution according to the TID on the opening and closing transitions respectively. 



46  |  6. TESTS 

A similar test performed on the original switch is recommended to analyze the performance of the 

ADG1212 in different working conditions. Most of the malfunction effects are caused by electron hole 

pair generation. To power the device prevents the natural recovery and increases the error derived 

from the e-h generation. Therefore, a radiation test focusing on the switch mission activity provides 

information based on the worst-case situation of data capturing. 

Another recommended test on future research is a minimum dose rate test. A total of 10 krad along 2 

years entails an average dose rate of 0.57 rad/h. The expected dose is low enough to allow the 

annealing of the switch. ESCC establish the minimum valid dose on a test is 36 rad/h. By performing 

a test on the lowest dose rate possible and analyzing the annealing time, it is feasible to determine if 

the errors caused by the radiation can be discarded. ADG1212 also displays a reduced slope on the 

voltage threshold with an irradiation dose higher than the other back-up options. Therefore, a good 

response on the switch performance is expected when the dose is low enough to allow annealing. 

6.3 CPRU Radiation Test 

6.3.1 Introduction 

The CPRU was tested on the facilities in Uppsala. The test has been conducted from April 26th, 2018 

until May 5th, 2018. During that time the CPRU was exposed to a radiation flux until it reached the 10 

krad. During the test procedure the CPRU was turn on so it was possible to realize measurements of 

the working parameters and to guarantee that no catastrophic failure was induced on the hardware 

due to radiation exposure.  

6.3.2 Procedure 

CPRU dimensions were a key factor during the test performance. Radiation tests specifications for 

space components requires the full immersion of the IC to guarantee the test reliability according to 

ESCC Basic Specifications 22900 4.6 [16].  

The ionization chamber that was able to fit the components had a Co-60 ion source. The irradiation 

exposure chamber components include the C0-60 source located at the bottom area of the chamber 

and 9 shelves at different highs from the source to place the components.  

Figure 26: Position of the CPRU inside of the ionization chamber once it has been turned down. 
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However, the radiation beam of the chamber source is divergent, getting weaker as it expands. 

Elements placed at more distance from the irradiation source receive a lower dose than those placed 

closer. To obtain a reliable result it was necessary to turn the CPRU in the middle of the test, so the 

difference on the dose between the top and the bottom is compensated. ESCC Specifications require 

that the irradiation beam went perpendicular to the diffusion face of the semiconductor chips. Figure 

26 shows the positioning of the CPRU inside of the ionization chamber according to the ESCC 

specifications. 

To communicate with the CPRU and obtaining the results RAMSES Nut application was utilized. 

RAMSES (Rocket and Multi Satellite EMCS Software) is a telemetry and telecommand software 

developed by OHB as general control mission system for projects with short timelines. The Nut 

application is a telemetry extractor that allows to export extracted and calibrated data to external 

evaluations tools such as MATLAB or Satellite Tool Kit. By using Nut during the radiation exposure, 

it was possible to perform and In-Situ procedure. In-Situ procedures test the devices and perform 

electrical measurements during the ionization process. Bias is continuously applied to the hardware, 

except for momentary interruptions to relocate the device.  

Data capture was made by intern components of the CPRU and CRB-D that allow the hardware to 

self-monitor itself. The parameters that were subjects of study are: 

• ADC Voltage reference: The range value is between 0 and +2.5V. 

• CCD0_Vgate (CH11 CPRU_ADC): The range value is between 0 and +15V. 

• CCD0_Vsubs (CH10 CPRU_ADC): The range value is between 0 and +11V. 

• CCD0_Vod (CH9 CPRU_ADC): The range value is between 0 and +32V. 

• CCD0_Vrd (CH8 CPRU_ADC): The range value is between 0 and +19V. 

• CCD1_Vgate (CH14 CPRU_ADC): The range value is between 0 and 1.5V. 

• CCD1_Vsubs (CH15 CPRU_ADC): The range value is between 0 and 1.5V. 

• CCD1_Vod (CH12 CPRU_ADC): The range value is between 0 and 1.5V. 

• CCD1_Vrd (CH13 CPRU_ADC): The range value is between 0 and 1.5V. 
 

The measurement obtained from the RAMSES Nut provides the CPRU measurements on a non-

dimensional numeric scale from 0 to 4096 as 12 bits are reserved to store the ADC value. Conversion 

from non-dimensional values provided by the CPRU is made according  

CCD1 measures are directly connected from signals VDD_IN, VRD_IN, VGATE_IN and VSUBS_IN 

on CRB_monitoring to the ADC channels. CCD0 real values are first decreased on the voltage divider 

displayed on CRB_monitoring.   

The procedure of the test follows the next steps. The first part of the process is to initialize all the 

components and to verify that the communications channels send and receive responses. Afterwards 

a first measure is made to verify the initial state of the device before the irradiation. Once the hardware 

and software have been checked, the irradiation process starts. During the irradiation, the Nut 

application oversees getting the information packages from the CPRU, in case of failure in the 

transmission a reboot of the program or the CPRU depending on the failure source is required. 

According to the ESCC regulations momentary interruptions are allowed in case of need to access the 

CPRU and rebooting it manually or changing connections. Long interruptions or catastrophic failures 

of the components cause the finalization of the test. If the test proceeds without interruptions a 

momentary pause of the irradiation exposure to relocate the CRPU is required. Once the CPRU has 

been relocated the ionization process resumes until the amount of radiation expected is reached. Last 

step in the test include a final measurement of the parameters without radiation exposure. 

 
𝑉𝑅𝑒𝑎𝑙(𝑉) =  

𝑉𝑀𝑒𝑎𝑠𝑢𝑟𝑒 ∗ 𝑉𝐴𝐷𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  (𝑉)

212
 (13) 
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6.3.3 Results 

The test required a total of 7 days to reach the 10Krad value. During the process, the relocation of the 

CPRU was realized on May 1st at 9:00 am. Along the test, interruption of data recording occurred 5 

times.  

Interruption on the electrical measurements was caused by an interruption on the telemetry program 

that required the rebooting of the Nut the mentioned amount of times. During the parts of the process 

while the laptop was not operative, the irradiation of the CPRU was not stopped. Irradiation was not 

stopped as it was confirmed during the first interruption that the problem was in the data receptor, 

not in the emitter.  

Figure 27 displays the ADC voltage reference decay along the test. Interruption of the NUT application 

caused the loss of information beyond the 170th hour. The loss of that information prevents from 

analyzing the entire amount of CCD measurements according to the formula explained in equation 

(13).   

ADC voltage specification value is 2. 5V. Figure 28 and Figure 29 display the voltage values obtained 

from the irradiation process using the specification value as VADCReference. Gate voltages increased with 

the ionization of the CPRU.  The CPRU-ADC ADS7953 architecture is CMOS based.  CMOS are 

expected to have an increase on their current consumption. The increase on the consumption is 

caused by the creation of interface states as it was mentioned 2.1.6 Interface State Creation. Increase 

of the voltage displays a linear behavior where the same voltage variation ∆𝑉 is expected to be keep 

constant until the point where the transistor voltage threshold is shifted beyond the lineal region. 

Voltage variation ∆𝑉 is expected to be linear since the ionization energy a MOS transistor has been 

subjected creates a proportional number of interface states. Gaps on the displayed data were caused 

by errors on the communication terminal not by failures of the CPRU. 

Figure 27: ADC Voltage reference along the Co-60 irradiation test 
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Figure 28: Voltages obtained from Channel 0 during the irradiation process 

 

Figure 29: Voltages obtained from Channel 1 during the irradiation process 

Variation of the voltages ∆𝑉 according to the dose exposed is obtained by 2 different methods. First 

method involves using the expression 

where 𝑉𝐹 corresponds to the final value measured at the end of the test, 𝑉𝐼 corresponds to the first 

value of voltage measured, 𝑇𝑇𝑜𝑡𝑎𝑙  is the total time of the test and  𝑅𝑎𝑑𝐷𝑜𝑠𝑒(𝑘𝑟𝑎𝑑/ℎ) the irradiation 

dose value. Since the ∆𝑉 is linear, it is possible to consider that final value and initial value are 

connected by a line whose slope corresponds to the ∆𝑉.  

 

∆𝑉(𝑉/𝐾𝑟𝑎𝑑) =  

𝑉𝐹(𝑉) − 𝑉𝐼(𝑉)
𝑇𝑇𝑜𝑡𝑎𝑙(ℎ)

𝑅𝑎𝑑𝐷𝑜𝑠𝑒(𝑘𝑟𝑎𝑑/ℎ)
 (14) 
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The second method implies using the polyfit function integrated in MATLAB. Polyfit function 

processes a group of data and returns the coefficients for a polynomial P(x) of degree n. Since the ∆𝑉 

is linear, the P(x) degree is 1 and the slope of the function corresponds to the ∆𝑉. 

Table 9 displays the values obtained through both methods. 

Vini-
Vf/Total 

PolyFit  

0,0015 0,0022 CCD0 GATE 

0,0012 0,0017 CCD0 SUBS 

0,0037 0,0053 CCD0 OUT 

0,0022 0,0031 CCD0 RES 

-0,000052 -0,000061 
1,5V ref 

logic 

0,000043 0,00005 1,5V core 

0,00017 0,00017 
1,5V ref 

logic 

0,000081 0,000091 3,3V int 
Table 9: Gate voltage variation depending on time (V/h) 

6.3.4 Conclusion  

It was possible during the test to experience all the possible types of SEE. SEU and SET would have 

affected the measurements of the ADC, disrupting the results. The absence of peaks and sudden 

variations in the obtained results allows to discard the presence of errors caused by them. 

Interruptions during the test were caused due to failures in the telemetry unit rather than the CPRU, 

therefore SEI, SEL, SEGR and SEB can also be discarded. The results of the test allow to establish the 

resistance to SEE for values lower than 1.33 MeV. 

The reduction of the ADC reference voltage is the more significant variation caused by the radiation 

effects. The measurements taken by the ADC are dependent of the ADC voltage reference and its 

reduction changes the digital value obtained by the ADC and transmitted to the CPRU. It will be 

required to periodically verify the parameter to accurately calculate the working voltages of the CPRU 

and guarantee the correct performance. 

The obtained data do not display a significative variation of the voltage provided. The tendency found 

on the voltage variations is an increase of the required voltage to supply the correct power demanded. 

However, the biggest variation does not reflect a change higher than a 0.1% and it is not required to 

establish a plan to compensate power demand increases caused by the radiation. Hence, the 

architecture of the ADC converter utilized on the CPRU is solid enough to stand the effects of the 

radiation through the entire satellite life cycle. After the results obtained during the test, the CPRU 

has an RHA level classified as D.  

6.4 CRB-D radiation Test 

6.4.1 Description 

February 9th, 2018 between 8 a.m. and 12 p.m. a test had been conducted related to the CRB-D of the 

MATS project and the ADC performance. One of the main objectives of the test was to analyze the 

performance of this section of the project when it is exposed to radiation and the Total Ionize Dose it 

can handle while maintaining a proper performance. Besides, the comparison of the performance of 

the SDT (Step-Down Transformer) and the LDO (Low Drop-Out) was also a point of study. It is 
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required to determine which one displays a better performance and the risk on the utilization and the 

rotation between them. 

MATS mission specifications state that the satellite does not need to stand radiation levels over 10 

krad. The test intended to cover the specification doses and to reach doses around 20 krad to 

guarantee that in extreme conditions none of the components suffer catastrophic failure/break. 

To perform the test, the nuclear chemistry department at KTH provided a Cesium 137 radiation 

chamber. Cesium degradation is divided between Beta and Gamma radiation, being Gamma radiation 

the main one. Cobalt-60 and Cesium-137 have a similar particle decay process composition with 

differences on the beam energy value, so it is possible to use a Cesium chamber as a substitute of a 

Cobalt chamber to emulate the working radiation environment.  

To perform this, test the OBCsim and the CRB-D have been used. Although, only the CRB-D has been 

placed inside of the radiation chamber and the OBCsim function was to establish a communication 

link with the CRB-D. 

Due to the morphology of the machines used in the test it was not possible to place the CRB-D close 

to the measurement instruments, power supply and signal generators. To be able to communicate 

with the CRB-D a 3 m cable was required introducing a small amount of disturbance on 

communications. 

The test procedure consisted of an infinite series of writing and reading loops while the radiation dose 

increased on account of the Cesium 136 exposure. On this loop, first an order to fill the memory and 

then to read it is sent, so the proper performance of the CRB-D by itself is verified, after that 2 signals 

are sent through the ADC with a signal generator, the first one is a zero signal and after that a 4 V 

ramp. The last part consists on sending more ramps switching between the SDT, the LDO and a 10 V 

regulator. 

The signals generators and the power supply were connected to a PC to register the voltage and the 

current. Therefore, it was possible to monitor the power consumption at different stages of the process 

without stopping the test. 

Loops were programmed to execute an indefinite number of times. Therefore, the data capturing 

program can be stopped either by manual action when the desired ionization dose is reached or a 

board failure. 

6.4.2 Procedure 

 

The effective test was performed from 10:42:37 to 11:11:20, 9th February. During that time, the total 

exposure to Cesium was 26 minutes and 38 seconds and the Total Ionizing Dose was 20 krad. The 

objective at the beginning of the test was to reach the 40 krad, but on account of a lecture failure in 

the OBCsim it was impossible to resume the test, finishing the acquisition of data from the board at 

~11:07. During the test the loop was completed a total of 35 times. 

Along the test 2 noticeable rises on the current were detected, the first one was at 10:58:11 when the 

radiation level was 10 krad and the difference with the beginning was significant around 11:02:25. 

The setting for the test included the involved parts of the MATS project (CRB-D and OBCsim), a power 

supply, three signal generators, a computer, the radiation chamber and the cables required to connect 

the different parts involved between them. Figure 30 shows how all the elements were connected and 

the position they had during along the test. 
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Figure 30: Setting of the radiation test 

6.4.3 Results 

Once the test was finished, a reconnection of all the elements involved was made outside the radiation 

facility and the board kept its normal performance, so it is possible to determine that those radiation 

levels did not break any part of the board causing the failure during the test. 

CRB-D current demand at the different outputs of the power supply can be found in Figure 31. The 

figure shows the sources of power connected to the board: VGate (12 V) from the positive output of 

the power supply with a 25 V limit, 6 V from the 6 V source of the power supply and -10 V from the 

negative output of the power supply with a 25 V limit. On the figure, the part of the 35 loops obtained 

during the test related to the enabling of the ADC, the writing and reading of the buffer memory, the 

reading of the 0 V signal and 4 V ramp signal through the ADC and the disabling of the ADC are 

displayed. Besides, the figure displays the expected amount of radiation at different parts of the test. 

Figure 31: Variation of current demand CRB 
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Before the test, the usual value for each source current demand at different stages of the loop was 

checked and they are included in the Table 10. 

 
 12v (mA) -10V (mA) 6V (mA) 
CBR TEST    
On boot. OBCsim not powered 14 2 43-45 
OBCsim powered 14 2 46-47 
ADC powered (*ars/*apu/*apd) 14 2 67-68 
Analog chain (*eap/*dap) 27 12 67-68 

Table 10: Standard CRB Current Consumption 

Focusing on Figure 31: Variation of current demand CRB, the radiation influence is not noticeable in 

the power supply sources VGate and -10V since they show  small variations, there is no noise increase 

on the measurements and there is no change in the behavior of the demand at the different stages. 

The only change displayed on the current measurements is found during the ramp through the ADC 

on the VGate source and on the turning off of the ADC in the -10V source, although in both cases de 

the variation is less than 1mA as it can be seen in Figure 32. Figure 32 displays the variation of the 

VGate and -10 V sources along the test minus the mean value of the current consumption for each 

source. The variation is attributed to the effects of the radiation in the CRB-D, although they are small 

enough at values twice as the required to orbit the satellite to be negligible. 

Current consumption on the 6 V source depends of the CRB-D activity and it displays a non-regular 

behavior. During the different stages of the loop, the current variation may differ from 4 to 6mA. In 

normal conditions, the consumption has an expected value of 67/68 mA. Although, the current rises 

over 70mA during the reading process of the ADC. An irregularity detected during the test 

performance is the absence of peaks of current that appeared during the thermal chamber test (test 

made to check the performance of the board at different temperatures using the same loops as the 

radiation test) when the board was performing the writing and reading of the buffer. During the 

different temperature tests on the thermal chamber, a characteristic peak current consumption 

always appeared, yet on the radiation test its appearance is not always guaranteed. Mixing these 

characteristics, it is not possible to establish a specific current value for each specific action of the 

board but a range of expected currents.  

Figure 32: Variation of the current consumption in the VGate and -10 V sources where the mean values has been subtracted 
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Regarding the radiation exposure, the 6 V source is affected by the rise of the total ionizing dose. Two 

different points of time mark the change in the current consumption pattern as it can be checked in 

Figure 31: Variation of current demand CRB. The first one is after the 2nd minute which is the time 

the radiation exposure starts. Beyond this point it is possible to appreciate how the consumption 

starts to rise in a linear function with a small slope. The 2nd point when a change in the current demand 

is noticeable is beyond the 16th minute of the test. At this point, the radiation reaches the 10 krad, 

which is the maximum dose expected for the MATS, and the rising of the current demand changes 

from a small slope to a bigger one. 

The rise of the current consumption is not proportional to the amount of current demanded by each 

comand of the board. The current consumption has an approximate constant rising value during each 

loop. Therefore, there is a growth on the necessary base current to operate the board.  

Figure 33 displays the current consumption value of every point in the test in the 6 V source when the 

mean current value from the loops before the radiation started at every stage of the loop is subtracted 

to each stage in all the loops. The increase of the currents creates a curve that shows the rise of the 

base current required to operate the ADC through the time of the test. At the end of the test, the 

approximated variation of the base current is 15 mA at a 20 krad dose which implies that the mean 

consumption of the CRB has increased ~90 mW. 

The rise of the power consumption is associated to the effects of the electron-hole generation. SRAM 

device is continuously operating and communicating with the CPRU even if it is not coordinating an 

image capture process. The effects of radiation are amplified when an active current is circulating on 

the device. Movement of the electrons prevents the recombination and stimulates the separation of 

the electrons of the electron-pair generated. Increases of the power consumption are caused by the 

Figure 33: Current variation for each stage of each loop through the test at the 6 V source. 
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accumulation of unbalance charges on the SiO2 lattices and a rise of the interface states, requiring a 

higher current supply to activate the transistors and other internal components of the SRAM. 

Once the board was connected again outside the radiation chamber, the increase of the current 

demand had not changed. The time between the measure and the finish of the irradiation have the 

same order of magnitude as the time the CRB would not be operative on mission (~hours).  Since the 

power consumption did not decrease, it is implied that the annealing effect over the CRB-D 

components does not have the required velocity to compensate the radiation effects. Therefore, the 

power supply required to operate at the end of the mission needs to be included on the power margin 

design for each CRB. 

The results obtained from the analysis of the different voltage regulators performance display that 

they are not affected by the radiation and at 20 krad they have not varied the required current to 

operate or the voltage output as it can be seen in Figure 34 and Figure 35. 

Analyzing the performance of the LDO and the SDT in Figure 34 and Figure 35, SDT displays a wider 

range of voltages offering a more adaptable output. However, it requires a higher accuracy to deliver 

the desired working voltage. SDT also shows a lower current demand and a low power consumption 

in low currents. LDO requires a higher current consumption compared with the SDT, although, the 

power consumption at high currents is similar between the regulators. 

The 10V regulator displays a bigger variation of the current consumption compared to the LDO and 

the SDT, although the range of voltages displays the same amount of variation as the LDO. The three 

regulators have a linear growth of the current consumption. 

The standard reccomended regulator during the MATS mission would be the SDT as it has a lower 

power consumption. However, the voltage delivered may not be the desired altering the performance, 

so at moments where it is mandatory to operate at values close to 5 V the LDO is reccomended. 

Figure 34:  Variation of the voltage regulators current consumption. 

. 
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6.4.4 Conclusion 

The CRB-D components are robust enough to not be affected by the radiation on a significant level. 

The use of the original CRB-D planned components is recommended during the MATS mission as 

they should do not display malfunctions on the 2 years-life mission. The more risking consequences 

derives from the increase of the current consumption that derives in an increase of the power 

consumption. The individual increase of one CRB is not significant in the total composition of the 

satellite. However, it is advised to take account of the total increase whenever the totality of the CCDs 

are working at the same time. 

The possible SEE that could be detected during the test were the ones related to the interruption of 

the CRB-D functionality (SEI, SEL, SEB and SEGR). Since the cause of the interruption data captured 

is unknown it is possible to attribute to a SEI. However, the impossibility of resuming the test after 

the rebooting of the device reduces that possibility since SEI are characterized from being solved after 

the reset of the device.  SEL, SEB and SEGR are highly implausible as the device was not damaged. 

Therefore it is possible to say that the device display resistance to SEE for values lower than 0.66  

MeV, the energy released on the Cesium decay. 

The results from the test display that the RHA level reached by the devices has a classification of E. 

Using the maximum radiation limit expected, 10 krad, as TIDL the RDM value is 2 and using the TID 

data at Al Thickness of 1 mm provided from the RazakSAT-1 satellite in a 3 years life mission [12], the 

RDM value of the components is 86.956. To reach the expected value of 40 krad during the test and 

to confirm that value as the failure point allows to classify the RHA level into letter P and a RDM value 

of 4. 

 

Figure 35: Output voltages of the voltage regulators. 
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7.Conclusion 

7.1 Conclusion 

An analysis of the most relevant pieces of the MATS readout electronics have been performed. Tests 

covered the entire CRB and the CPRU, focusing on the specific performance of the key devices. 

Additional tests were performed on some of the components to verify its operability and their 

suitability for the MATS mission before being submitted to the radiation tests. 

All the components have been successfully tested in conditions where they reached a total ionizing 

dose of 10 krad at least and they have a RHA level that can be classified as D. Different irradiations 

chambers, dose rates, position configuration and radiation sources were required. All the tests were 

made taking the ESCC recommendations on radiation tests for space missions as a reference. 

Components have displayed the expected standard functionality during and after the exposure to 

ionizing radiation. Any possible complication that has occurred during the test performance was not 

relevant to the parameter subject of study or relevant enough to annul the test and the results. 

Most of the components have been verified as valid for the MATS mission with the expected 

irradiation dose or even higher values. For those components that did not pass the tests, the back-up 

options proposed responded to the ionization without altering the original design or specifications of 

the satellite. 

Although it has been verified that all the components will be operative and they will not introduce 

errors on the measurements provided by the CCD, it is necessary to examine the repercussions on the 

power consumption. The devices that displayed some susceptibility to the radiation will increase their 

power requirements during the life cycle of the satellite. It will be required to check that the energy 

amount destined to the CRB electronics is enough considering the effect of all the possible 

environments variations plus the radiation data. 

7.2 Future Development 

As a priority, the research should continue analyzing the components that required the use of back-

up options to guarantee that the new component fulfills all the tests and requirements previous to the 

irradiation test as they were selected by their possibility to endure the irradiation during the MATS 

mission.   

A possible research is to analyze the required time for the components of the satellite to perform their 

natural annealing process. The average irradiation dose is expected to be low compared to the doses 

used to perform the irradiation tests, therefore it is possible a natural annealing process on the 

components that avoids the increase of the power demand.  

The effect of the electrical currents is also significant on the irradiation effects over the electronics. A 

study of the variation of the irradiation consequences according to the changes in the use of the 

components will help to verify if a limited use of the electronics will reduce the radiation effects. 

The most recommended test would be the exposure of the whole electronics of the satellite at the same 

time in an irradiation chamber. Although, the possibility of that kind of test is usually discarded by 

the impossibility of using a chamber that possesses the dimensions to hold the electronics. The 

development of a bigger irradiation chamber compared to the already existent on the market in an 

affordable process would help the entire space manufacturing test area.  
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