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Abstract: A Miniaturized Radiation Monitor (MIRAM) has been developed for the continuous21

measurement of the radiation field composition and ionizing dose rates in near earth orbits. Com-22

pared to currently used radiation monitors, the presented device has an order of magnitude lower23

weight while being comparable in power consumption and functionality. MIRAM is capable of24

on-board real-time self-diagnostic. Furthermore, it supports on-board analysis of the measured data25

to be able to work autonomously. The dose rate is calculated continuously based on the energy26

deposition in the Timepix3 detector. For the estimation of the particle species composition of the27

radiation environment, two methods are applied depending on the current flux. At lower fluxes28

(< 104 particles per cm2 per s), a track-by-track analysis based on temporal coincidence is applied.29

At higher fluxes, a less power and memory consuming method is utilized. This method is using30

the averaged deposited energy per pixel to estimate the electron and proton content of the radiation31

field.32
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1 Introduction43

Space radiation poses a threat not only to human space flight missions, but also to the electronic44

equipment of any space mission (eg. [1, 2]). Some dramatic space system failures and disturbances45

in recent years have been assumed to be radiation-induced malfunction of critical electronics46

parts. The space radiation environment consist of a variety of particle species, including electrons,47

protons and heavy ions, which may pose threats at different levels to different electronic devices.48

Therefore, the presence of a radiation monitor on-board of any mission is highly desirable to49

provide the capability to take protective measures in-flight and to contribute with flight-data to50

the improvement of existing radiation environment models. This paper describes the development51

of a novel Miniaturized Radiation Monitor (MIRAM) for this purpose. It was developed by the52

Institute of Experimental and Applied Physics (IEAP) and ADVACAM under the supervision of the53

European Space Agency (ESA). Compared to the currently used devices [3, 4], has lower weight54

and power consumption. It is capable of providing a continuous measurement of dose as well as an55

estimation of the particle species composition of the radiation environment.56

2 Hardware Features57

MIRAM sits in a aluminium casing with the dimensions 80 x 60 x 30 mm. Its nominal power58

consumption is 1.2 W with a peak consumption of 1.8 W. MIRAM is divided into two parts - the59

low power circuit (LPC) and the Acquisition and Processing Module (ACQP). The LPC is based60

on four single pad diodes. This part controls the duty cycle of MIRAM. It is responsible for data61

handling. The ACQP part is a medium-power consuming part that features a Timepix3 [5], which62

is the center piece of the MIRAM device. Timepix3 is a hybrid pixel detector developed by the63

Medipix3 collaboration1. The detector consists of a sensor layer flip-chip bump-bonded to an ASIC2.64

1https://medipix.web.cern.ch/home

2Application specific integrated circuit
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The sensor is divided into a square matrix of 256 x 256 pixels with 55 𝜇m pixel pinch. Timepix365

provides the ability to simultaneously measure per pixel energy and time (time granularity: 1.56 ns)66

in a data-driven (self-triggered) readout mode with hit rates up to 40 Mhits s−1 cm−2. Higher fluxes67

can be measured using the frame based mode.68

The architecture of MIRAM can be seen in Figure 1. The MIRAM box itself is shown in69

Figure 2 in a closed configuration and in Figure 3 the inside is depicted.70

Figure 1. Scheme of the MIRAM architecture with the LPC part on the left and the ACQP part on the right.

The diodes and Timepix3 are separated by a 7 mm thick aluminium electron filter. The sensor71

material of diodes and the Timepix3 is Si. The sensor thickness comes with two alternatives, either72

300 𝜇m or 500 𝜇m. The diodes always have the same thickness as the sensor. The electronic parts73

are low-power consuming and radiation tolerant commercial off-the-shelf components. The device74

further features a high-voltage power supply, 4 MB data storage M-RAM with an optional 16 MB75

DRAM and a CAN interface for communication with the satellite. Additionally, MIRAM has the76

capability of on-board real-time self-diagnostic as well as on-board analysis, which is subject of the77

Section 4.78

3 Firmware Features79

MIRAMs Firmware is based on FreeRTOS (Real-time operating system for micro controllers).80

FreeRTOS provides a standard OS mechanisms - queues, mutex, semaphores etc. The virtual81

memory address space called VirtualRegisterMap (VRM) was established for the internal storing82

of the data products and detector configuration. The external device (superior system) can access83

(reading and writing values of registers) to VRM via CAN bus. The LPC firmware divides the84

complex functionality into several separated simpler tasks, as depicted in Figure 4. The individual85

functionalities shall be explained in the following.86
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Figure 2. MIRAM in aluminum housing with upper MicroUSB
(Diagnostic) and bottom MicroD (Main satellite) connectors.

Figure 3. MIRAM detail view from inside:
ACQP with Timepix3 chip on top, LPC on
bottom.

Figure 4. Schematic architecture of MIRAM firmware.

TaskControl - This unit provide a virtual register map functionality. All status information of87

the system, applicable run time parameters and device settings are located in the VRM. All settings88

and status information can be accessed externally via a unified interface. It significantly simplifies89

a possible future integration of MIRAM into complex set-ups. A validation of external user access90

requests are performed in order to reject the application of an invalid configuration that may cause91
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incorrect behavior of the device.92

TaskComm - The unit handles low level communication over the CAN communication bus93

with the satellite.94

TaskMeassure - This unit primarily performs an automated data product download. Depend-95

ing on the user configuration, selected data product components can be obtained without further96

requests. Transmission of data products can be initiated automatically if the appropriate event97

trigger or time period trigger is configured. The second objective of the unit is to supervise the98

execution of acquisition procedures performed in the scope of the subordinate two units TaskAcqp99

and TaskDiode.100

TaskDiode - This unit is responsible for the energy readout of the diodes. The events are stored101

in the VRM memory.102

TaskAcqp - The unit provides internal SPI communication between the ACQP module and the103

LPC. It manages the ACQP operations (Timepix3), especially the data acquisition. Partial results104

will be downloaded from the ACQP module and stored to the VRM memory.105

TaskDiag - The unit is responsible for a common diagnostic functionality (e.g. Single Error106

Correction Double Error Detection (SEDEC) and Watchdog Timer (WDT)). It monitors the SEDEC107

unit to detect and correct Single Effect Upset (SEU) in the LPC part. Additionally, the unit regularly108

resets the WDT to prevent it from counting down to zero. If the timer runs out, the WDT resets the109

entire system to autonomously recover from faults.110

4 Modes of Operation111

MIRAM has two operation modes, one for high fluxes, labelled Method A, and one for low fluxes,112

labelled Method B. The reason for having two methods is that the power consumption, mainly113

for the processing unit, would rise significantly with the amount of data produced. This is also114

true for the memory space. At higher fluxes, Timepix3 easily produces GB of data within a few115

minutes. A method is needed that handles large amount of data quickly and without the need for116

much processing.117

Roughly speaking, Method A provides a rough estimation of electron and proton content in118

the radiation field. It does not analyse each individual track, but has a lower power consumption.119

Method B has a higher power consumption, but is an event by event analysis. The identification of120

events is based on the time response on the pixel level. The transition between the two methods121

appears at 103 - 104 particles per cm2 per second. The transition depends on the memory usage122

rather than the exact flux. Both methods provide information on the dose-rate, individual particle123

fluxes for electron, protons and ions (ions only in the case of Method B) and the spectrum of124

deposited energy.125

The development was supported by a Monte Carlo simulation conducted with Geant4 [6].126

The model was converted from the STL format, which is commonly used in computer-aided127

manufacturing, to the GDML format. GDML is readable by Geant4 and therefore, the model128

could be implemented in the simulation with high detail. The detector model implemented in the129

simulation was validated with measured proton and electron data. Additionally, performance tests130

were conducted by simulating realistic space environments in several orbits. These results are not131

shown here as they go beyond the scope of this paper.132
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4.1 Method A133

Method A was designed to give an estimation of the electron and proton flux without using a lot134

of computing power and memory. It was developed with the help of the simulation and tested on135

real space data from the Space Application of Timepix based Radiation Monitor (SATRAM) [7, 8].136

SATRAM is attached to the Proba-V satellite and features the first Timepix [9] exposed to outer137

space.138

The strategy is to sum up the deposited energy in the detector over a few hundreds of millisec-139

onds and divide it by the number of pixel hits of all pixels within this time window. A simulation140

was conducted with the MIRAM setup simulating electrons and protons. To start with, a small141

number of purely electrons were simulated hitting the detector, to imitate low fluxes. While keeping142

the total number of particles constant, 5% of the electrons were step by step converted repeatedly143

into protons until there were only protons. Then the number of total particles were increased and144

the procedure just described was executed again. This was repeated until there were a few hundred145

thousand particles in the detector.146

The result can be seen in Figure 5. It shows, that for sufficiently high number of hit pixels,147

the energy per pixel only varies very little around a constant value for each particle composition.148

The particle composition with a 100% of electrons has the lowest value of energy per pixel, while149

a 100% protons has the highest value of energy per pixel.150

Figure 5. Simulation of energy per pixel compared to the number of hit pixels. The particle composition of a
100% of electrons corresponds to the lowest number of energy per pixel, while 100% of protons corresponds
to the highest number of energy per pixel. For sufficiently high number of hit pixels, the energy per pixel is
nearly constant.

The fact that the energy per pixel only depends on the particle composition makes it possible151

for Method A to give an estimation on particle species composition while using less resources. It152

only has to sum up the deposited energy, divide it by the number of pixel hits and compare it with153
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a look-up table. This table was created by combining measurements with a Timepix3 on Earth and154

the simulation. The measurements were done in several facilities providing proton and electron155

beams of various energies.156

Furthermore, this method was tested on SATRAM data. The comparison is presented in Figure157

6. The blue points represent the measured data, while the red points are simulations of specific158

particle compositions. Towards higher number of pixel hits the data is splitting into two branches.159

Unlike in the simulation before, the energy per pixel is not constant, but rises with higher pixel hit160

counts. The maximum of pixel hits is just above 60k pixels, while the energy per pixel can still161

rise. The reason for that is that SATRAM feature a Timepix detector, the predecessor of Timepix3.162

Timepix is not capable of counting more than one pixel hit per pixel while more energy can be163

deposited in one time window.164

In Figure 6 the simulation for 100% electrons, corresponding to the lower branch, and for 85%165

electrons and 15% protons, corresponding to the upper branch, has been overplotted on top of the166

measurement data. This has been found to be the best match between the simulated data and the167

branches in the measurement. At lower pixel hit counts (<20k hit pixels), the distribution of energy168

per pixel varies much more, showing that Method A is not suitable for low fluxes. Data from the169

upper branch has been located to be in the South Atlantic Anomaly, while the lower branch was170

located in the polar region as illustrated in Figure 7.171

Figure 6. Matching measurement (blue) and
simulation (red) of energy per pixel in relation
to pixel hits for SATRAM. The simulation for
100% electrons and 85% electrons and 15% pro-
tons matches best the data for higher number of
pixel hits (> 40k). See text for further explana-
tion.

Figure 7. Average dose rate measured by SATRAM
during the years 2015 to 2018. The proton and electron
composition estimated by Method A is indicated for the
South Atlantic Anomaly and the polar regions.

4.2 Method B172

Method B is more suitable for situations with low fluxes, when an event by event based analysis173

does not need too much computing power. The identification of particle tracks is done through174
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temporal coincidences as illustrated in Figure 8. Pixels that are hit consecutively in a very short175

period of time are considered to contribute to the same event. Larger gaps between the pixel hits176

within the sampling time window leads to the identification of another event.177

Figure 8. Schematic depiction
of event sampling through tem-
poral coincidence. Signals with
a timestamp close to each other
are identified as a single event.

The next step is to sort the pixels into low, medium and high178

values of energy and sum up the energy in each category. Low179

energy pixels are below 31 keV per pixel and high energy pixel are180

above 173 keV per pixel with the medium pixel having energies181

between those values. The distribution of these three values covers182

a three dimensional space as depicted in Figure 9. Each particle183

species occupies a certain area in this space. Figure 9 shows data184

from measured electrons (red), protons (blue) and ions (green)185

sorted into the three categories. Here, the low, medium and high186

values are labelled E𝐼 , E𝐼 𝐼 and E𝐼 𝐼 𝐼 , respectively. The data shown187

are from measurements on Earth and serve as database for Method188

B. Additionally, an unknown state X is depicted in Figure 9. Method189

B estimates the probability of the event X being of a certain species190

according to the surrounding data points as demonstrated by the191

numbers in the bottom right of Figure 9. In this case, it would192

clearly be an ion. Electrons mostly have a non-zero value only in193

E𝐼 . Protons exist mostly in the E𝐼 -E𝐼 𝐼 plane with values in E𝐼 𝐼 𝐼194

below 1 MeV, while ions show often values above 1 MeV in E𝐼 𝐼 𝐼 .195

5 Conclusion196

A low power, low mass device for in orbit particle detection (MIRAM) was developed. It features197

the Timepix3 detector technology with a Si sensor of either 300 𝜇m or 500 𝜇m thickness. Timepix3198

is supported by four Si diodes of the same thickness. Furthermore, the device is capable of on-board199

data processing. Its nominal power consumption is 1.2 W with a peak consumption of 1.8 W. With200

its mass just below 150 g it is smaller and lighter than present-day radiation monitors (SREM:201

2.4 kg, ICARE: 2 kg). The components have a radiation tolerance of at least 100 krad. MIRAM202

will serve as a dosimeter, particle rate meter and providing particle separation capability.203

The device employs two methods to handle the data depending on the flux. For high fluxes,204

Method A provides information about the electron and proton content of the radiation field based205

on the averaged deposited energy per pixel over a fixed time frame of a few 100 𝜇s. This method206

guarantees a low power consumption at a high data rate (i.e. high fluxes). Method B provides a207

track-by-track analysis based the time response on pixel level. It has higher power and memory208

requirements for the processing unit, which is why it is used at lower fluxes. The transition depends209

primarily on the memory usage and occurs between 103 - 104 particles per cm2 per second.210

MIRAM was accepted for the GOMX5 cubesat mission, which is currently planned for 2022.211
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Figure 9. Depiction of the functionality of Method B. On the left, electrons (red), protons (blue) and ions
(green) are shown in the 3-dimensional space that is defined by the sum of low energy pixels (E𝐼 < 31 keV),
medium energy pixels (E𝐼 𝐼 ) and high energy pixels (E𝐼 𝐼 𝐼 > 173 keV). On the top right, a projection on the
E𝐼 𝐼 -E𝐼 𝐼 𝐼 can be seen. An unknown event X is added to both diagrams. It’s proximities to states 1, 2 and 3,
and the probabilities for event X being a particle like either 1, 2 or 3, are shown on the bottom right. In this
case, it is clearly an ion as all three states are ions.
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