
 

 

 

CZECH TECHNICAL UNIVERSITY IN PRAGUE 

 
Faculty of Electrical Engineering 

Department of Measurement 

     

 

 

 

 

Magnetometer for Space Applications 

Doctoral Thesis 

 

Ing. David Novotný 

  

 

Supervisor:     doc. Ing. Antonín Platil, Ph.D. 

Supervisor-Specialist:  Ing. Vojtěch Petrucha, Ph.D. 

 

Ph.D. Programme:  P2612, Electrical Engineering and Information Technology 

Branch of study:   2601V006, Measurement and Instrumentation 

 

Prague, 2024  



2 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Declaration 

 
I declare that this work is all my own work and I have cited all sources that I have 

used in bibliography. 

 

In Prague, 11. 9. 2024 

 

 

Prohlašuji, že jsem předloženou disertační práci vypracoval samostatně a že jsem 

uvedl veškerou použitou literaturu. 

 

V Praze, 11. 9. 2024  

 

 
 

        …………………………. 

                 David Novotný 
 



3 

 

 

 

Acknowledgements 

 
I would like to express my gratitude to my supervisor doc. Ing. Antonín 

Platil, Ph.D. and my supervisor-specialist Ing. Vojtěch Petrucha, Ph.D. and also 

to Ing. Michal Janošek, Ph.D. for their scientific guidance and patience during my 

studies. This thesis also would not be possible without the support and patience 

of my family, which I very appreciate. 

 
 

 

 
 

 

 
 

 

 
 

 
Following research has been funded (or partially funded), by grants: 

 

SGS18/081/OHK3/1T/13: Development of a digitally compensated AMR 

magnetometer 

 

SGS19/177/OHK3/3T/13: Design and evaluation of radiation tolerant 

magnetometer 

 

SGS22/170/OHK3/3T/13: Research on reduction of power consumption in space 

grade magnetometers 

 

LVICE2 ESA project - https://lvice2.cz   

 

 

 
 

 

 
 

 

https://lvice2.cz/


4 

 

 

 

Abstract 

 
This dissertation is devoted to the research and development of magnetometers suitable 

for use in the inhospitable environment of space. Due to the large body of published research 

in the field of fluxgate sensors, this work deals only marginally with them and focuses mainly 

on sensors with anisotropic magnetoresistors (AMRs). The main goal is to determine the 

applicability of commercially available off-the-shelf components (COTS) in a radiation-

demanding and temperature-unstable environment. Compared to the more widespread fluxgate, 

AMR sensors show 1 or 2 orders of magnitude more noise (worse resolution/sensitivity), but in 

all other parameters (size, mass, power consumption, …) they are either comparable or better. 

Above all, for the segment of satellites (Cube-Sat/Small-Sat), which usually operate in low 

Earth orbits, where the measured magnetic field is relatively strong and there is no need for 

extreme sensitivity/low noise, AMR sensors are thus attractive. 

In the first part of the thesis, the state-of-the-art in the field of magnetometers for space 

applications is described and the requirements that such a magnetometer should meet or should 

be aimed at are summarized (radiation resistance, temperature stability, noise properties, 

linearity). Furthermore, a search is made of the available information on the radiation resistance 

of the COTS components, which would be potentially suitable for the construction of the AMR 

magnetometer. 

In the second part, author's own contribution to the issue is discussed. At first, the 

possibilities of moving the signal processing and feedback to the digital domain (as opposed to 

the more traditional analog processing) were investigated on the prototype of author’s own 

construction of AMR and fluxgate magnetometer. Later, a comprehensive testing of the 

developed prototypes is described, both conventional (measurement of linearity, noise, 

temperature sensitivity), and then radiation testing using a Co60 gamma emitter. Based on both 

types of measurements, the prototype was iteratively modified to achieve better parameters and 

durability. 

The next part is focused on reducing the power consumption of the magnetometer, as a 

key property, especially in space projects. The possibility of using pulsed power is shown, as 

well as algorithmic switching between operation with/without feedback, which accounts for a 

significant part of the total consumption and does not always need to be active. 

The last part of the work deals with the potential use of the AMR magnetometer in a 

specific space mission (LVICE2). Aspects that a magnetometer should satisfy, and which are 

the decisive ones are discussed. 

 

Keywords: AMR, fluxgate, magnetometer, magnetic field, sensor, COTS, space, radiation 

resistant, low noise 
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Abstrakt 

 
Tato disertační práce je věnována výzkumu a vývoji magnetometrů vhodných pro 

použití v nehostiném prostředí vesmíru. Vzhledem k velké probádanosti fluxgate senzorů se 

jim věnuje jen okrajově a zaměřuje se především na sensory s anizotropními magnetorezistory 

(AMR). Jedním z cílů je také ověřit použitelnost komerčně dostupných součástek (COTS) v 

radiačně náročném a teplotně nestabilním prostředí. AMR senzory oproti rozšířenějším fluxgate 

senzorům vykazují o 1 až 2 řády větší šum (horší rozlišení/citlivost), ve všech ostatních 

parametrech jsou buď srovnatelné nebo lepší (menší rozměry, hmotnost, spotřeba, …). 

Především pro segment malých satelitů (Cube-Sat/Small-Sat), které se obvykle pohybují na 

nízkých orbitách kolem Země, kde je měřené magnetické pole relativně velké, a tudíž není 

potřeba extrémní citlivost/nízký šum, jsou tak AMR sensory atraktivní. 

V úvodní části práce je popisován současný stav v oblasti magnetometrů pro vesmírné 

aplikace a jsou sumarizovány požadavky, které by takový magnetometr měl splňovat nebo na 

jaké se zaměřovat (radiační odolnost, teplotní stabilita, šumové vlastnosti, linearita). Dále je 

provedena rešerše dostupných informací k radiační odolnosti COTS komponent, které by byly 

potencionálně vhodné v konstrukci vlastního AMR magnetometru. 

V druhé části je rozebírán vlastní přínos k problematice. Zprvu jsou na vlastním 

prototypu AMR a fluxgate magnetometru zkoumány možnosti přesunu zpracování signálu a 

zpětné vazby do digitální domény (oproti tradičnějšímu analogovému uspořádání). Dále je 

popsáno komplexní testování vyvinutých prototypů, jednak obvykle měřených parametrů 

(měření linearity, šumu, teplotní citlivosti), poté i radiační testování na gama zářiči Co60
. Na 

základě výsledků obou oblastí měření byl prototyp iterativně upravován tak, aby dosáhl lepších 

parametrů a odolnosti. 

Další část je zaměřena na snížení spotřeby magnetometru, jakožto naprosto klíčové 

vlastnosti zejména ve vesmírných projektech. Je ukázána možnost pulzního napájení a také 

algoritmické přepínání provozu s/bez zpětné vazby, která představuje značnou část spotřeby a 

není vždy potřeba, aby byla aktivní. 

 Poslední část práce se zabývá potencionálním využitím AMR magnetometru v 

konkrétní vesmírné misi (LVICE2). Jsou rozebírány aspekty, které by měl magnetometr 

splňovat a které jsou rozhodující. 

 

  

 

Klíčová slova: AMR, fluxgate, magnetometr, magnetické pole, sensor, COTS, vesmír, 

radiačně odolný, nízkošumový 
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1. Introduction 

Magnetometers are used in many different applications in space – both engineering and 

scientific. Navigation and orientation stabilization of a satellite using various actuators (e.g., 

magneto-torquers and reaction wheels) is a typical example, as is space weather monitoring to 

protect sensitive instruments - e.g. ESA's SOSMAG project [1], but they also have purely 

scientific applications like studying the magnetosphere of Earth and other planets and celestial 

bodies [2]. Precise magnetic sensors are usually based on the fluxgate principle [3,4] or 

anisotropic magnetoresistance (AMR) sensors [5,6]. When ultrahigh absolute accuracy and 

very low noise is necessary, optically pumped magnetometers (helium/potassium) are used 

[53]. Vector magnetometers are sometimes also combined with scalar types (optically 

pumped/Overhauser) for their high absolute precision. This precision can be in some situations 

transferred to vector magnetometer using calibration procedure as shown in [38] for Ørsted 

satellite and has been also utilized in Cassini mission (scalar helium + fluxgate). 

While fluxgates achieve lower noise and better stability, AMRs are cheaper, lighter, and 

more widely available commercially; they can also potentially achieve stability like fluxgates, 

as will be presented in chapters below. These factors make AMRs attractive for low-cost, low 

power applications. Especially in SmallSat/CubeSat, where both power and cost budgets are 

limited and usually AMR’s precision is sufficient (low Earth’s orbit). 

Space-grade magnetometers often use special parts—application-specific integrated 

circuits (ASICs) [8,9] or radiation hardened field programmable gate arrays (FPGA) — to 

achieve better radiation immunity and lower power consumption. But the use of ASICs or other 

special radiation-tolerant devices makes them costly and thus not easily obtainable for smaller 

projects with limited budgets.  

Because of their interesting potential in these projects, this thesis is mainly focused on 

AMR sensors with digital signal processing realized with COTS components. It is also 

appropriate to use (carefully selected) ordinary parts instead of special radiation-hardened parts 

when the cost of instrument is important. As one of the criteria, signal processing must be 

designed in a way to ideally not be affected by parts degradation with increasing radiation dose. 

This makes the development complicated as ordinary electronic parts usually have no radiation 

specifications. Some radiation testing results of even ordinary components can be found [10], 

but they do not include many modern active components: microcontrollers, operational 

amplifiers, voltage stabilizers, references, analog-to-digital converters (ADCs), and so on. For 

this reason, multiple radiation testing campaigns have been performed with individual parts, to 

create our own specifications. 
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1.1. Applications of magnetometers in space missions 

There are many reasons why it is important/useful to measure magnetic field in space 

missions. Magnetic field is one of the absolute measurements that can be done in space (together 

with acceleration and rotation), almost any other measurement is relative. One of the obvious 

applications is for navigation in known magnetic field (e.g. Earth’s orbit). From there it is also 

useful to map magnetic field surrounding planets/bodies in solar system and in empty space in 

between to know what to expect and for further space missions to take advantage of it. 

Another aspect is measurement of solar wind and activity. Our star has strong magnetic 

fields and occasionally throws charged particles towards Earth that interact with our 

magnetosphere. These phenomena can significantly affect sensitive electronics and electrical 

systems used by humans both in space (satellites) or on the ground (power distribution grid in 

northern regions). Monitoring of this activity can be crucial to facilitate an early warning.  There 

are also other possible purposes, like magnetic prospections on objects like asteroids, etc.  

There is also need to measure magnetic field to make proper maneuvers using 

magnetorquers. These devices use interaction of their own electrically generated magnetic field 

with surrounding natural magnetic field to create torque and thus rotate with the satellite. 

Magnetorquers are very useful devices as they don’t saturate like reaction wheels that are used 

for the same purpose.  For that reason, they are often used in missions where sufficient 

surrounding magnetic field is expected (e.g. Earth’s orbits).  

1.2. Required parameters for space missions 

In contrast to magnetometers operating on Earth, space magnetometers have additional 

requirements because of harsh environment they operate in. There are at least 4 major causes 

of problems: wide temperature range, radiation dose, outgassing, vibrations/shocks. 

With temperature there are even 2 sub-problems, one is big variation of temperature, 

and another is reduced ability to remove excess heat from electronics. When a satellite is in full 

sunshine, temperature can increase rapidly (how much depends on the surface of the satellite 

and its temperature shielding). Similar effects happen for solar eclipse when satellite is hidden 

in the shadow (of the Earth for example). Temperature then drops also steeply. This temperature 

swing can be from -50 °C to +100 °C when operating and even more in „survival state” [47]. 

The second issue with the temperature is that in space there is almost perfect vacuum, so the 

only way to cool down overheating electronics is through radiation. This means that the whole 

satellite can dispose of only limited amount of heat through its surface, so the lowest possible 

power dissipation is desired. 

Radiation tolerance is probably the most problematic requirement during development 

as it is not possible to test in normal laboratory and there are only few specialized facilities, 

where it can be done. It is also not a specified parameter by manufacturers of COTS parts, so 

every part should be tested individually or at least in its normal operation (inside sub-circuit). 

Required radiation tolerance is usually specified in total ionizing dose (TID) during planned 

mission that instrument needs to survive (+ reserve). The TID obtained by onboard instruments 

depends strongly on distance of the device from the Sun as the main source of the radiation in 

our solar system (perhaps with the exception of probes operating in rather extreme radiation 

environment around Jupiter). When operating on Earth’s orbit, typical TID is given by distance 

from the surface (low/high orbit) and also by trajectory [45-46].  

As the satellite operates in high vacuum, some parts of it (typically plastic or glues) can 

dissipate gas that can then condensate on surface of instruments inside satellite and damage its 
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electronics/optics/mechanics. Therefore, every part of the satellite should be tested inside 

vacuum chamber and heated up to higher temperature (according to standard ASTM E-1559 

125 °C) where outgassing reaches its maximum to check worst-case scenario [44] for 24 hours. 

Vibrations are the mostly problematic during the launch of the rocket that brings the 

satellite with instrument into space. During that phase, vibrations are the strongest. But if 

vibration tolerance is considered already during design, it is usually not so problematic to meet. 

Vibration test can be performed in many scientific/commercial facilities that specializes on that 

kind of testing. 

1.3. Sensors suitable for space applications 

Magnetic field sensor types that are commonly used in space applications are mainly 

fluxgate (FG), anisotropic magnetoresistance (AMR), (giant/tunneling magnetoresistance) 

GMR/TMR, induction coil, resonant (proton/Overhauser) and optical magnetometers. In the 

following chapter, these magnetometers will be discussed with emphasis on AMR and FG 

magnetometers as they are the main focus of the current research.  

2. State of the art 

This chapter discusses magnetometers suitable for space applications. The state-of-the-

art, low-noise vector magnetometers include fluxgate, AMR, GMR/TMR, induction coils, and 

resonant magnetometers. Each of these types has specific applications for which it is best 

suited. 

2.1. Fluxgate sensors 

Fluxgate sensors are based on modulation of permeability in a ferromagnetic core. 

Sensor is composed of a highly magnetically permeable alloy core that is periodically saturated 

(~1-100 kHz) by excitation winding. Another coil (pick-up) is used to sense saturation 

asymmetry of the core (or cores, depending on fluxgate type) that is caused by the external 

magnetic field to be measured. Voltage proportional to external magnetic field is induced on 

2'nd harmonics of excitation signal (parallel fluxgate). Details about fluxgates can be found in 

many publications, such as [17, 18].  

Typical signal processing circuit uses a phase sensitive detector for demodulation of 

pickup signal, feedback circuit compensating the external field to improve overall sensor 

parameters (gain stability, linearity) and excitation electronics. Signal acquisition and 

digitization (ADC) usually measures current through compensation winding (as voltage on 

sensing resistor). This means that all signal processing is typically done in analog domain. Some 

of space grade magnetometers employ digital signal processing using specialised ASIC [19] or 

FPGA with ADC + DAC [20]. Solution with an ASIC has many advantages over FPGA such 

as low power consumption, small dimensions, easier process of radiation hardening (as the 

device is not reprogrammable). But, on the other hand, it is also much more costly and not 

generally available. Using FPGA can also benefit from its better flexibility – front end 

electronics that is crucial for obtaining good parameters can be redesigned easily, so the newest 

state-of-the-art parts can be used.   

Fluxgates are the most sensitive room-temperature vector magnetometers that are 

capable of sensing static magnetic field (higher sensitivity can be achieved with induction coil, 

but only for higher frequencies [21]). Their noise limit is approx. 10-50 pT/√𝐻𝑧  at 1 Hz for a 
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commercially available types (for example Bartington MAG612 [22], Fig. 1. and Table 1), 3-5 

pT/√𝐻𝑧 at 1 Hz for high quality fluxgates and even about 1 pT/√𝐻𝑧  at 1 Hz for special types 

[23].  

In case of space applications, they have been used together with a scalar type of 

magnetometer [24] for possibility of on-the-fly calibration of fluxgate. This complementary 

design benefits from both inherent stability of scalar (proton/Overhauser) magnetometer and 

possibility of sensing vector components by set of fluxgates.  

 

            Table 1 – parameters summary 

Fig. 1. Photo of  Bartinghton MAG612 fluxgate sensor taken from [22] 

2.2. Anisotropic magnetoresistors 

Anisotropic magnetoresistors (AMRs) are based on magnetoresistance effect in 

ferromagnetic film.  Electrical resistance of AMR element depends on direction of its 

magnetization. For consistent measurement and removal of perming effects, it is advisable that 

the default magnetization of material is periodically recreated by strong impulse of artificial 

field along the material easy axis. Used ferromagnetic material has two stable states of 

magnetization that can be set by applying "flipping" or “set/reset” magnetic field that is 

generated through flipping coil (usually embedded in AMR sensor).  Summary of 

magnetoresistive sensors and details of AMR can be found in [11, 12]. 

Available commercial sensors contain four AMR elements with barber-pole pattern of 

highly conductive aluminum deposited on resistive permalloy layer. This forces current path in 

permalloy to shift by 45° relative to easy axis and makes transfer function odd around zero 

measured magnetic field. Sensitive elements are usually connected into full Wheatstone bride 

configuration. This solution improves most of sensor parameters - sensitivity, linearity, and 

temperature stability. Some available sensors come with already integrated digital output (thus 

facilitating one chip solution: sensor + flipping + demodulation + A/D converter) such as 

HMC5883 [13]. But their parameters are not sufficient for precise measurement due to poor 

resolution (high noise) and bad temperature stability. For precise measurements, an analog 

sensor using flipping technique and feedback compensation should be used. When considering 

sensors available from worldwide distributors, the best candidate for that purpose seems to be 

Honeywell HMC1021/1001 [14]. Also, Sensitec AFF755 [15] seemed to be good choice, but 

during research it was found out that it has problems with flipping that caused excess noise (or 

offset instability).  

The best reported parameters of an AMR magnetometer suitable for space applications 

can be found in magnetometer for SOSMAG project [1]. These parameters are summarized in 

Table 2. In this magnetometer HMC1021 is utilized and signal processing is done using ASIC 

+ auxiliary FPGA (Fig. 2). 

PARAMETERS TAKEN FROM [22] 

Parameter Value 

Range ± 90 µT 

Noise density @ 1 Hz <20 pTRMS/√𝐻𝑧 

Bandwidth (-3 dB) 3000 Hz 

Linearity error 15 ppm of FS 

Offset TC < 1 nT/K 

Sensitivity TC < 100 ppm/K 

Power consumption 700 mW @ ±12V  

Output sensitivity 89 kV/T 

Dimensions - sensor 20x20x20 mm 

Dimensions - electronics 30 x 90 x 3 mm 
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Fig. 2. SOSMAG sensor head and block diagram, taken from [1] 

  Table 2 – SOSMAG parameters 
 

 

 

 

 

 

 

 

 

 

An example of AMR magnetometer that is commercially available and suitable for 

CubeSat applications is NewSpaceSystems NMRM-001-485 [16]. Photo of magnetometer 

with case can be seen on Fig. 3. Summary of key parameters are in Table 3. 

  
Table 3 – NMRM-001-485 parameters  

Fig. 3. Photo of NewSpace System's NMRM-001-485 taken from [16] 

2.3. GMR/TMR sensors 

Giant Magneto-Resistance and Tunneling Magneto-Resistance sensors are in some 

terms similar to AMR sensors, their electrical resistance changes with applied magnetic field. 

But they exploit differently the underlying physical (electron spin-related) mechanisms. They 

both promise lower power consumption, and higher sensitivity. For this reason, GMRs replaced 

AMRs in HDD reading heads and later TMRs replaced GMRs. But precise linear measurement 

of magnetic field is not practical with these sensors because of their high non-linearity, non-

monotonicity and hysteresis [48]. From the point of view of noise, they are similar as AMR 

PARAMETERS TAKEN FROM [16] 

Parameter Value 

Range ± 60 µT 

Noise density @ 1 Hz <8000 pTRMS/√𝐻𝑧 

Bandwidth (-3 dB) < 9 Hz 

Sample rate < 18 Sa/s 

Maximum TID 10 krad 

Power consumption 550 mW @ 5V  

Interface RS485 

Dimensions 45 x 69 x 20 mm 

 

 

 PARAMETERS TAKEN FROM [1] 

Parameter 
SOSMAG 

magnetometer 

Range ± 70 µT 

Noise density @ 1 Hz 100 pTRMS/√𝐻𝑧 

Bandwidth (-3 dB) 30 Hz 

Power consumption 1460 mWa @ 28V  

Interface RS422, UART 

Dimensions 183 x 123 x 15 mm 

a Two AMR magnetometers when both exposed to  60 µT 

magnetic field 
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[49]. Representative linear TMR sensor is TMR9082 with similar noise as AMR sensor 

HMC1021.  

For the mentioned reasons, GMR/TMRs are not much used in space applications, 

although GMR based magnetometer can be found in nano-sat OPTOS, launched in 2013. 

2.4. Induction coils 

Induction coils are based on Faraday’s induction law: temporal change of magnetic flux 

causes induced voltage in coil, proportional to rate of change times number of turns. This is 

important to understand – with induction coils we measure change of magnetic field, not field 

itself. This means that induction coils are capable only to measure AC magnetic field, not DC. 

In some applications, measurement of rather low frequencies is still feasible [52]. Induction 

coils can take advantage of very high sensitivity and low noise at higher frequencies (because 

their sensitivity naturally increases with frequency) if that high frequency band is interesting 

for given scientific goal. The high frequency operating range is usually limited by resonance 

caused by inter-turn parasitic capacitances. Sometimes, induction coils are used in symbiosis 

with other type of magnetometer (e.g. fluxgate), where DC to low frequency is covered by 

fluxgate while mid to high frequency by induction coil [34]. Induction coils have also advantage 

of being low power because from principle they are passive – the only power consumption is 

taken by preamplifier or some DAQ if they provide digital output. For a space application, there 

may be issues with their dimensions and weight, as they are usually bulky and heavy – because 

of long magnetic core (usually rod) and many turns of coil (a lot of copper) to obtain high 

sensitivity/low noise / see Fig. 4. 

Fig. 4. Photo of 3-axis search coil magnetometer from THEMIS mission [NASA] 

 

 

 

 



13 

 

 

 

2.5. Resonant magnetometers 

Resonant magnetometers, suitable for low magnetic field measurements, are proton 

precession magnetometers, Overhauser magnetometers (improved version of proton 

precession) and optically pumped magnetometers (using typically helium/cesium vapor). Their 

magnetic field resolution/noise is even better than most fluxgates [53]. But they are power 

hungry and bulky. They are from the principle scalar type and cannot measure magnetic field 

weaker than certain limit, because otherwise amplitude of signal is too low to detect reliably. 

There are also some tricks [35] to extract vector information (Fig. 5) and extend range below 

such a limit but they are dimensionally extensive and even more power hungry, while limiting 

bandwidth of measurement. 

 

Fig. 5. Photo of Swarm Mission’s Absolute Scalar Magnetometer (right) and extracting of vector information (left), both taken from [35]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

 

 

2.6. Available COTS parts radiation testing reports 

When designing with COTS parts for space mission, radiation tolerance is problematic 

as it is not tested and specified by manufacturers in contrast with conventional testing (operating 

temperature, shock/vibration test, …).  

Some testing of electronics parts can be found substantiated in related publications, but 

most of them focus on parts that are already obsolete (examples in Table 4 below taken from 

[39-43]).  

 

Table 4 – summary of the available COST part radiation testing 

Type of device Part number Survival 
TID (krad) 

Cited 
from 

Level translator for GPIO TXB0108 100 [43] 

Level translator for I2C TXS0108 80 [43] 

Quad multiplexer M74HC157RM13TR 70 [43] 

MOSFET N-channel 2N7002 <10 [43] 

Atmel microcontroller ATMega1280 18.3 [43] 

Microchip Microcontroller PIC16F88 20 [43] 

Signal Processor OMAP3530 35 [43] 

Atmel 1 Mbit Flash Memory AT25FS010N 15 [43] 

ARM Cortex-M7 microcontroller SAMRH71E 100 [39] 

RS232 interface IC MAX3221-EP 8 - 24 [40] 

TXCO Oscillator FOX924B 8 - 24 [40] 

PIC24F series microcontroller PIC24FJ256 8 - 24 [40] 

Over-current protected switch FPF2700 > 24 [40] 

2GB SD card Delkin SE02SAMHL-C1000-D > 24 [40] 

2GB SD card Sandisk SDSDB002G-AFFP 8 - 24 [40] 

2GB SD card Transcend TS2GUSD < 8 [40] 

Op. amp. with a FET input stage OPA656 7.7 [42] 

Low noise CMOS op. amp. TLC2272 12 [42] 

Micro-power, CMOS op. amp. LMC6062 16 [42] 

CMOS rail-to-rail op. amp. LTC6081 5 - 7.5 [42] 

A low voltage, low power CMOS op. amp. LMV341 20 [42] 

A high voltage, low offset CMOS op. amp. AD8657 15 [42] 

A low noise, precision, CMOS op. amp. AD8662 10 [42] 

 

More recent and concentrated database can be found in European Space Components 

Information Exchange System (ESCIES). But there cannot be found any tests of ADCs and 

microcontrollers, which are necessary for digital magnetometer’s operation, thus own research 

and radiation testing was necessary. 
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3. Objectives of this thesis 

Based on the previous chapter, the most suitable magnetometer for further research 

appears to be the AMR (with potential consideration of fluxgate) using COTS parts as 

suitable for low-budget, cubesats or small satellites. The AMR is expected to consume less 

power than the fluxgate, although it comes with the trade-off of higher noise. The issue with 

COTS parts is their low radiation tolerance and the lack of manufacturer testing for radiation. 

This thesis addresses these issues through the following four objectives. 

 

I. Design AMR (and/or fluxgate) magnetometer with COTS components, that has the 

best possible parameters (at least comparable to state-of-the-art) and put emphasis 

to possible radiation tolerance (chapters 4.1. to 4.3. and 4.6). 

II. Perform set of tests and measurements on key parameters and radiation tolerance 

and try to enhance these parameters by finding and replacing susceptible parts 

(chapters 4.4 and 4.5 and 4.10) 

III. Reduce power consumption as much as possible to make that magnetometer most 

suitable for the space applications (chapters 4.7 and 4.8). 

IV. If possible, prepare flight-ready magnetometer for real space mission (chapters 4.9 

and 4.11). 
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4. Own work/results 

My own results are presented below in the form of eight published conference/journal 

papers and one journal paper currently under peer-review process, that are listed in chapter 6.1 

as [1] - [8] and accepted abstract [9]. Articles are commented and ordered in logical order 

(usually in chronological order, but not always). In the end of this chapter, unpublished part of 

research is shown (radiation testing on HIMAC in Japan and some notes on test-flight of 

designed AMR magnetometer on student’s sounding rocket). 

4.1. Digitally processed and compensated AMR magnetometer 

To make own research on AMR magnetometers, firstly it was necessary to design own 

prototype. Because in terms of radiation tolerance and temperature stability digital electronics 

is generally more suitable, it was preferred choice to make as much signal processing in digital 

domain as possible. 

In terms of signal processing and following the signal path, the first part is measurement 

of AMR bridge output and its demodulation (as flipping modulates sensitivity). Second part is 

feedback loop operation (i.e. applying compensating current to feedback coil holding sensor in 

zero magnetic field). Both parts can be done, more or less, digitally. First presented paper below 

shows progress on this initial development.  

Before this first presented paper, I already had some experience with multiple 

commercially available AMR sensors. Using this knowledge, in all future work I decided to use 

Honeywell’s HMC1021 as relatively cheap AMR sensor (in comparison with HMC1001), with 

very low noise (in comparison with AFF755) and with high current to magnetic field constant 

of internal compensation winding embedded within the sensor. 

For even further reducing application of sensitive components, the current source was 

not made of discrete digital-to-analog converter (DAC) and voltage to current converter but 

rather using pulse-width-modulation (PWM) generated directly by main microcontroller unit, 

amplified by MOSFET transistor H-bridge. This AC voltage has been then fed through an RC 

network that has two purposes – to filter out AC components and to act as a simple, passive, 

voltage to current converter as its serial resistance is much higher than resistance of 

compensation winding. 

Synchronous demodulation and feedback loop operation is also handled by software, 

signal is acquired by ADC on higher sample rate than is flipping (modulation) frequency. In 

this case, modulation frequency is approx. 400 Hz while sampling frequency is approx. 4 kHz 

(1:10 ratio). Digital feedback loop is realized as simple integral feedback, similar to analog 

solution where integrator is often used after demodulation as feedback controller. Integrator 

constant then defines the bandwidth of magnetometer (but also can cause oscillations when too 

fast/too high gain, due to other zeros/poles in transfer function of magnetometer). 
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4.2. Analog processed, digitally compensated fluxgate 

magnetometer 

Fluxgate technology is also interesting due to its very low noise and long tradition 

in space applications. Proposed solution with dual feedback (analog + digital) originates 

from my bachelor thesis [54], but it has been further developed, tested and published later, 

as can be seen in conference proceedings article below. 

This magnetometer has been mainly targeting geomagnetic applications as it 

measures only small portion of total magnetic field (it works as a variometer) while biggest 

part is statically compensated. This allows to obtain very high dynamic range as long as the 

static field removal method itself is stable enough. But this feature can be beneficial also in 

space applications where there are small variations of magnetic field being measured in 

relatively high common mode. Moreover, in the presented prototype, Actel’s FPGA is used 

as this FPGA is made also in radiation tolerant variant (anti-fuse), suitable for space 

environment.  
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4.3. Digitally processed and compensated fluxgate 

magnetometer 

The goal of this phase of the development was to put also the rest of signal processing 

to digital domain, i.e. not only compensation feedback loop but also demodulation. This was 

done using FPGA development board. Principle is similar to the first shown paper with digital 

AMR prototype.  

Typical parallel fluxgate excitation frequency is usually in 10-20 kHz range, pick-up 

signal that carry information is on second harmonic, i.e. 20-40 kHz. To meet Nyquist criteria, 

sampling frequency has been chosen to ten times of this frequency (fexcit = 20 kHz, fs = 200 

kHz).  

Sampled signal was then processed in FPGA – demodulated using simple synchronous 

demodulation (±1x multiplication) then filtered and decimated. From the point of view of noise, 

a little improvement can be obtained here when multiplying by pure sinewave, instead of ±1 

rectangle, to obtain sensitivity only on second harmonics. But even with this simple 

implementation, the obtained noise spectra were promising. 

A lot of attention was dedicated to linearity as an important, yet often omitted parameter 

of precise instrument. Excellent ±5 ppm linearity has been achieved using differential PWM 

based DAC.  
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4.4. Radiation testing of developed AMR magnetometer 

As radiation tolerance is crucial parameter in space-grade electronics, its extensive 

testing was performed on developed AMR magnetometers (multiple prototypes). Most 

radiation testing has been done using radioactive isotope of cobalt - 60Co in ÚJV Řež facility 

near Prague. Radiation from this source is highly penetrative gamma ray beam with mostly two 

energy levels 1.17 and 1.33 MeV. In chapter 4.10 there are also shown unpublished results from 

heavy ion testing in HIMAC facility in Japan. 

From survival point of view, total-ionising-dose (TID) is often used parameter of space-

grade electronics specification. It is the accumulated dose over time (usually survival dose). 

There is also standard (MIL-STD-883) used for this kind of tests. TID should be recalculated 

to absorbed dose by most affected part of electronics – silicon (while dosimetry almost always 

uses equivalent dose absorbed by water). The MIL-STD-883 also specifies whether ionising 

rate is fast or slow because of different effects on tested electronics.  

To measure the most of possible parameters during one irradiation session, complex 

PXI frame-based measurement system has been developed utilizing 32ch 24bit simultaneous 

sampling sigma-delta NI-4302 data acquisition card, and an auxiliary NI-6251 multifunction 

data acquisition card. Total 2x 13 channels from 2 prototypes have been measured together with 

serial data output stream from both magnetometers. 
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4.5. Radiation hardening and full characterisation of developed 

AMR magnetometer 

This paper continues in the previous research, where radiation testing was performed. 

In this work, the same radiation source has been utilised, with the same TID and almost the 

same rate. This allowed to compare with previous result to get better confidence. TID in this 

case was also 100 krad, as this value is often used in space-grade electronic characterization. 

Significant improvements have been observed. Not only that improved prototypes survived 

such a dose but also offset, gain drift and power consumption was measured to be very stable.  

Moreover, full conventional characterisation was done to obtain all parameters.  
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4.6. Measurement of magnetometer’s noise using cross-spectral 

method 

During any development and testing of high-performance magnetometer, measurement 

of its noise is important. Problem is that this noise of instrument can be many orders of 

magnitude lower than surrounding environmental noise of magnetic field. Especially in 

laboratory in a city like Prague, where public transportation (trams, metro) is powered with DC 

current. But even outside of city, magnetic field variations can be order of magnitude higher 

than the instrument’s internal noise. 

To cope with this problem, most magnetic laboratories use magnetic shielding. Usually, 

the shielding is made of multiple layers of highly soft magnetic material (like permalloy). 

Problem with shielding is that it is very costly, heavy and internal dimensions (defining the 

usable space) are usually quite limited. 

One way to overcome this is using magnetic field compensation system – triaxial coils 

with current source that actively compensates magnetic variations measured by another low 

noise magnetometer connected to the system – either in closed loop like [36] or in open loop 

[37]. This is still costly solution, requires big space and it is not easily transportable. 

For this reason, a novel method of noise estimation has been developed and is shown in 

the publication below. Using second magnetometer (possibly with even higher noise), 

measurement can be done even in an environment with big magnetic noise/variations. Because 

both magnetometers experience these common environmental variations + their own noise, 

calculating cross-spectrum-density can be used to subtract this common part of the 

measurement, leaving only magnetometers own noise that is to be found.   
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4.7. Reducing power consumption by pulsed power supply 

In the conference abstract presented below, the idea how to save power was to 

enable/disable power supply for AMR bridge only when ADC is sampling. This method allows 

to trade-off power consumption with measurement noise (resolution). During this research it 

was also found out that while theoretically noise should decrease proportionally to duty cycle 

due to aliasing, this relation is nonlinear and the best noise can be achieved even with smaller 

than 100 % duty cycle (where bridge is at all times powered on). On the other hand, power 

consumption of fast preamplifier and fast ADC needs to be considered.  

Another interesting application is for powering AMR from higher voltage – as main 

power rails in space satellites can be higher – 12 or 24 V instead of 5 V. With considerably 

small duty cycle, power does not need to be regulated down to 5 V (as for continuous operation 

is necessary) which normally leads to additional losses.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Low-Power AMR Magnetometer Operated in Discontinuous Mode 
 

 
In many applications including space missions, Anisotropic Magnetoresistors (AMR) 

based magnetometers raised their popularity [1,2] as they are solid-state off-the-shelf 
components with good radiation immunity [3]. One of the issues they suffer is low sensitivity 
and thus high noise induced by their bridge thermal noise as well as by preamplifier stage noise 
[4]. To overcome this problem, higher supply voltage of an AMR bridge can be used to raise 
the sensitivity. This seems to be straightforward but power dissipated on the sensor raises 
quadratically with bridge voltage and thus 
(due to overheating and excessive power consumption). 

In our research we propose novel method of powering bridge by pulses allowing to 
obtain better sensitivity and less noise with AMR sensors. During these short pulses (100 us 
width and 4.5 ms period) we also perform flipping pulses (both S/R) while measuring bridge 
response with an analog-to-digital converter. Acquired data are then signal-processed on the fly 
by a microcontroller. In traditional method, 10 V in continuous mode with HMC1021 AMR 
sensor will dissipate 91 mW of power, while cycling power with a duty cycle of 1:45 means 
only 2 mW (considering zero overhead power). In mostly used triaxial version it is 273 mW vs 
6 mW preserving other main parameters of the magnetometer unchanged. 

To verify this idea we have developed single axis magnetometer (Fig. 1) with adjustable 
both bridge voltage as well as flipping current, with possibility of precise timing of all events. 
In the first trial/test, we have tried to obtain similar noise with pulsed 10 V bridge as we were 
able to get in our previous research with continuous supply of 10V [4], (see Fig 2.) After 
achieving this milestone (solving a lot of technical troubles) we tried 20 V bridge supply to 
verify expected noise reduction (as sensitivity doubles), but for now without result  at this 
voltage, AMR's electrical offset saturates the preamplifier. In the near future we aim to tackle 
this issue and to test the noise drift with temperature in different flipping current configurations. 

 

 
Fig.1 - Photo of the experimental prototype     Fig.2 - PSD of noise with pulsed 10 V  

bridge voltage 

 
[1] Leitner, Stefan, et al., IEEE Transactions on Magnetics, Vol. 51, No. 1 (2015) 
[2] P. Brown et al., Review of Scientific Instruments, Vol. 85, No. 125117 (2014) 
[3] Sanz, Ruy, et al., Sensors, Vol. 12, No. 4 (2012) 
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4.8. Power saving algorithm utilizing open/closed loop 

switching 

In paper below, which is currently (9/2024) in peer-review process (abstract/poster 

presented on EMSA 2024 conference) a novel algorithm is proposed. Idea is to reduce power 

consumption by disabling feedback compensation loop whenever its operation is not necessary. 

This can help significantly as feedback operation always require non negligible power. In the 

presented AMR magnetometer approx. 20 % of power consumption can be saved in this way.  

The closed loop operation helps to greatly reduce temperature drift of magnetometer’s 

sensitivity, to increase linearity and to remove hysteresis. In the proposed algorithm, closed 

loop is disabled by default and only turn on for a while when temperature of magnetometer or 

magnetic field measured changes over certain limit. When this happens, closed loop operation 

is turned on, a “calibration” measurement is taken as fast as possible, and closed loop is then 

disabled again. Then, after settling of open-loop, reading first valid open-loop measurement is 

stored. All following measurement is relative to the last “calibration” measurement. 
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Novel Power Saving Algorithm for AMR Magnetometer 
with Fast Settling Feedback Loop 

 

 
 

Department of Measurement, Faculty of Electrical Engineering, Czech Technical University in Prague, Prague, Czech Republic 
 

Power consumption plays a pivotal role in a variety of applications that use magnetometers (e.g. space applications, wearables, 
e 

AMR magnetometer, which was subjected to a series of tests. Nevertheless, this algorithm is broadly applicable to any magnetometer 
that employs a fast-enough feedback compensation. In precise magnetometers, feedback compensation is almost always utilized to 
obtain stability and linearity. Traditionally, this feedback compensation remains active for the entire duration the magnetometer is 
powered on. We propose an algorithm that disables this feedback for the majority of the time and enables it briefly only when 
necessary. This approach leads to a significant reduction in power consumption while maintaining full accuracy and low noise. 
 

Index Terms AMR, compensation, feedback loop, low power, magnetometer, precise 
 

I. INTRODUCTION 

MR magnetometers are used in various applications 
where the precise measurement of a small magnetic field 

maintaining low power consumption and compact dimensions. 
They are also lightweight, solid-state instruments and are 
readily available off-the-shelf. These factors make them 
especially attractive for the space and avionics industries (e.g. 
cubesats, smallsats, or drones). AMR magnetometers have 
been utilized in many space applications, e.g. [1]-[3] for 
mapping magnetic fields, navigation in space, or actuating 
magneto torquers. They are also widely used to maintain 
heading in most drones (e.g. [4]). Since gyroscope 
measurements drift over time and tilt/roll measurements are 
corrected using an accelerometer, yaw can only be corrected 
with the help of a magnetometer (or, perhaps, in case of 
sophisticated systems, by camera or other external reference). 

Given the high demand for low-power, precise AMR 
magnetometers, we propose a novel method for reducing 
power consumption while maintaining the instruments high 
precision and low noise levels. 

For optimal precision and stability, AMR magnetometers 
almost always utilize feedback compensation. This closed-
loop magnetic field compensation keeps the sensor itself 
within a zero magnetic field, significantly improving the 

sensitivity. A major advantage of AMRs is that they often 
come with embedded compensation windings, unlike fluxgate 
magnetometers, which require external coils wound on non-

magnetic supports. This not only reduces cost and complexity 
while avoiding potential mechanical damage, but also it has 
been shown in [5] that it leads to excellent temperature 
stability. This is likely due to the silicone substrate, which is 
highly dimensionally stable with temperature, on which the 
winding and AMR bridge itself are built.  

However, in many applications, the measured magnetic 
field is steady, with slow variations or only occasional fast 
perturbations. The same also applies to the temperature of the 
magnetometer itself. To leverage this, we propose a method 
that switches from an open-loop operation to feedback (closed 
loop) only when necessary. For this algorithm to be practical, 
the feedback-loop settling time should be as short as possible 
(this, of course, leads to a trade-off between precision and low 
power consumption). For the tested magnetometer (see Fig. 1) 
with a HMC1021 sensor, closed-loop compensation requires 

only 10 mJ per correction measurement when performed in 
100 ms. 

This approach may also enable the use of embedded 
compensation windings in the lowest-noise AMR on the 
market (as of 07/2024): the HMC1001. However, this sensor 
suffers from a poor compensation constant (low coil turns), 
leading to significantly high-power consumption when 

depending on location). Consequently, this sensor is often 
used without compensation (in an open loop), where 
temperature dependency and nonlinearity are high. Thus, 
temperature measurement is employed to partially mitigate 
these issues [3]. 

 

 
Fig. 1. Photo of testing prototype of the AMR magnetometer 
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II. MAGNETOMETER OPERATION PRINCIPLE 

A prototype of the presented digital AMR magnetometer 

output is pre-amplified, digitized by ADC, and then read out 
by an MCU. These data are digitally demodulated and used as 
input for a digital feedback regulator (a simple integrator). The 
output of the regulator sets the duty cycle of a PWM signal, 
which serves as a simple DAC to generate an analog voltage 
derived from a voltage reference. This voltage is then passed 
through an RC filter stage, fed into a voltage-to-current 
converter with an op-amp, and finally applied to the embedded 
feedback coil of the sensor.  

 

 
 

Fig. 2.  Simplified block diagram of one axis of the AMR magnetometer 
 

serial link to the computer. In open-loop mode, the 
magnetometer outputs the demodulated and filtered signal 
measured by the ADC at the output of the amplified AMR 
bridge. In a closed-loop operation, the duty-cycle of the PWM 
signal is the output variable, as it is directly proportional to the 
compensation current and, thus, the compensation field, which 
 according to the principle of feedback operation  should 

equal the measured field. 

III.  PROPOSED ALGORITHM DESCRIPTION 

The proposed algorithm uses three input variables to 

necessary, namely: fluctuations in temperature, changes in the 
magnetic field, and the time elapsed since the last calibration. 
After a closed- -loop 

-
loop absolute measurement.  

 

 
 

 Fig. 3.  Simplified flowchart of the proposed algorithm 

 

IV. ALGORITHM VERIFICATIONS 

The first test of the algorithm examined how it reacts to a 
rising magnetic field that crosses the calibration threshold. 
Using an external coil (lee-whiting) and a waveform 
generator, a slowly rising magnetic field was generated, and 
the output of the magnetometer was recorded (see Fig. 4). The 

In this case, the open-loop mode was not measuring properly, 
thus, the closed-loop correction resulted in a jump in 
measurement equal to the inaccuracy of the open-loop 
measurement. 

 

 
 

Fig. 4.  Response of the proposed algorithm on externally generated rising 
magnetic field 

 

Another important parameter of the magnetometer is its 
linearity. Since this method combines a linear closed loop with 
a non-linear open-loop mode, it was necessary to measure the 
resulting nonlinearity. The setup was similar to the above, this 
time with the magnetometer in the Lee-Whiting coil system 
driven by a controlled current source. A computer program 
performed a sweep of the magnetic field while controlling the 
current source and recording the output of the magnetometer. 

Non-linearity in both open- and closed-loop modes has been 
measured, including with the proposed algorithm (where the 

data are compared to the Matlab simulation obtained from 
open- and closed-loop data separately (see Fig. 5).  

 

 
 

Fig. 5.  Comparison of the magnetometer s nonlinearity in closed loop, open 
loop and with proposed algorithm 
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The AMR sensor itself (in an open loop) exhibits significant 
temperature dependence of the sensitivity, approx. 0.4 %/K 
(but this sensitivity can be suppressed to approx. 0.06 %/K by 
powering the sensor from a constant current source, though 
this comes with a cost of increased complexity and higher 
power consumption due to additional losses). To keep power 
consumption and complexity low, a voltage source is used 
(directly supplied from a low-noise, low-drop regulator). 

All this means that in an open loop, the magnetometer will 
suffer from inaccuracy as the temperature changes from the 

compensate measurement for temperature variations. While 
this method is sometimes used [3], it requires characterization 
of every magnetometer in a temperature chamber due to 
variations in temperature coefficients. This approach is 
impractical, time-consuming, and potentially problematic due 
to the drift of this temperature coefficient over time. 

The proposed algorithm instead takes a calibration 
measurement when the fluctuations in temperature from the 
last calibration measurement exceed a given threshold. The 
setting of this threshold depends on the acceptable level of 
inaccuracy; for example, to keep the maximum margin of 
error below 1%, a 

 
 

 
 

Fig. 6.  Simulation of the proposed algorithm response to temperature change 
 

To calculate the power savings achieved by the algorithm, 
current consumption has been monitored over time for both 
open loops, closed loops, and the proposed algorithm with 
calibration measurements. Since the magnetometer is fed a 
constant voltage, current consumption can be easily converted 
to power, as illustrated in Fig. 7 below. 

 

 
 

Fig. 7.  Power consumption over time of the magnetometer in different modes 
(green  open loop, red  closed loop) 

V. HARDWARE DESCRIPTION 

To maintain a design that is low-cost, low-power, and low-
noise requirements that seem rather contradictory a digital-
to-analog converter (DAC) is implemented using a simple 
PWM + filter approach. Although DAC parameters greatly 
influence the final accuracy of the magnetometer, it has been 
demonstrated in [5] and [6] that this method is highly 
effective. The use of PWM as a DAC is also known from 
extremely precise metrology-grade calibrators, such as the 
Fluke 5700A [7], which indicates that when implemented 
correctly, its precision and accuracy are excellent. Generating 
the duty cycle itself is a very stable process, given by the 
crystal-based clock of the microcontroller and its timer 
peripheral. To obtain stable and precise voltage levels for the 
PWM signal, an analog multiplexer that switches between a 
stable voltage reference and ground is used. 

When using PWM as a DAC, there are multiple 
contributing factors to the final performance that should be 

frequency can affect performance in terms of noise. This is 
also true for jitter or unstable voltage thresholds of the 
multiplexer, and instability of its Ron/Roff ratio can cause 
drift. However, from previous research [5], these effects seem 
negligible in the proposed schematic, which is derived from 
that research. 

 Due to the speed limitations of the multiplexer and also the 
trade-off between PWM frequency and resolution, the 
frequency cannot be too high. In our prototype, it is 16 kHz. 
To filter out its AC component, a simple 2-stage RC filter with 
a cut-off frequency of 160 Hz is used. To further speed-up this 
PWM DAC, a special AC-component removal circuit inspired 
by [8] is employed. The full schematic of the single-channel 
PWM DAC can be seen in Fig. 8 below.  

 

 
 

Fig. 8.  Schematic of a single channel PWM based DAC  
 

The trade-off between PWM frequency and its resolution is 
improved in two ways. Firstly, even though the 
microcontroller (STM32F334) has a 144-MHz clock, it has 
specialized delay-taps [9] that allow for sub-clock-tick 



P-39-3 

 

4 

resolution by a factor of 32, equating to an equivalent 
frequency of 4.6 GHz, resulting in 18-bit resolution with a 16 
kHz PWM. Secondly, an advanced technique a hybrid PWM 
sigma-delta scheme inspired by [10] is used. The principle is 
that the least significant bit of the PWM duty cycle is 
manipulated in a 16 PWM clocks loop. Zero or one is added to 
the actual PWM duty cycle code word. When no 1 is added, it 
results in code N, when 8 ones are added, it results in N+0.5; 
and when only 1 is added, it results in N+1/16. This allows for 
an enhancement of the resolution by 4 bits, resulting in a total 

which is sufficient). 

VI. SETTLING SPEED REQUIREMENTS 

To take a calibration measurement using a closed-loop 
operation, the entire feedback chain must settle after turn-on to 
obtain a valid measurement. The settling time is primarily 
determined by the bandwidth of the DAC and the current 
source that converts its output voltage to current for the 
compensation winding. Additionally, the operational amplifier 
used in the current source must settle quickly after power-on 
(as it is inhibited in open-loop mode). 

The feedback loop is controlled by a digital regulator 
implemented in the microcontroller (which is essentially a 
simple numeric integrator). To speed up the regulator and 
minimize its contribution to the settling time, its value is pre-
calculated based on the last measurement before it starts to 
regulate.  

For a two-stage RC filter with AC component removal, the 
analytical solution is quite cumbersome. However, for an 
evaluated prototype, a simulation of the step response can be 
seen in Fig. 9 below, where a sufficient 250-Hz bandwidth is 
used to achieve stable regulation of feedback in a closed-loop 
operation with a bandwidth of a few tens of Hz. 

 
 

Fig. 9.  Multisim simulation of a step response of a two-stage RC filter with 
and without AC-removal enhancement for comparison 

 

From the simulation, settling below 1 LSB of the DAC 
takes approx. 15 ms, which is the minimum time required for a 
calibration measurement. In reality, the calibration time is 
longer (100 ms) for the settling of op amps, average multiple 
closed-loop samples and for overhead operations.  

VII. CONCLUSION 

With the presented method, a power reduction of approx. 

consumption of 500 mW, this method can result in a 20 % 
reduction in power usage. This reduction is facilitated by the 
high field-to-current ratio of the embedded compensation 
winding in the HMC1021. An even more intriguing 
application of the proposed algorithm involves the use of the 
HMC1001 sensor. Although the HMC1001 offers lower noise, 
its compensation winding has a lower field-to-current ratio, 
making it impractical to use due to high power consumption. 
Appling this algorithm to the HMC1001 sensor will be the 
subject of ongoing research. 

This method can be further improved using coarse/fine 
measurement switching. When high precision is not always 
required, a lower current can be supplied through the AMR 
bridge, resulting in lower power consumption (on the tested 
magnetometer, an additional 60 mW of energy can be 
conserved, albeit at the cost of increasing noise by a factor of 
three). Such a switching mechanism could be particularly 
useful in space missions where only coarse measurements 
might be necessary during navigation, whereas a precise 
scientific mode can be activated for mapping or capturing a 
magnetically interesting event. 
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4.9. Preparing magnetometer for real space mission 

During my PhD study I had an opportunity to participate in project LVICE2 (Lunar 

Vicinity Complex Environmental Explorer) in order to make AMR magnetometer for this space 

mission as an auxiliary magnetometer to the main fluxgate. 

Project had multiple stages that it must pass before it would be fully approved to launch 

and funded. After passing early stages (basically paperwork), first engineering prototypes of 

scientific instruments has been made (as well as the AMR designed for this mission). 

The concept was to use low noise fluxgate magnetometer with low range (expected 

amplitude of magnetic field during mission has been few tens of nT) on expandable boom. Even 

though fluxgate would be distant from the probe, on boom (planned between 1 and 2 m length), 

it is still influenced by magnetic disturbances caused by the probe itself.  

To avoid this problem, an auxiliary AMR magnetometer was planned inside of probe, 

near the other end of the boom. Both instruments were planned to measure magnetic field 

synchronously in order to mathematically subtract AMR data from fluxgate measurement in 

real time. This method is already well known [50, 51] and has been used in a space missions.  

Unfortunately, LVICE2 project did not pass one of the last stages of approval. 

Nevertheless, lot of experiences has been gathered as well as know-how and there is still a 

chance to use them in future missions. 
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4.10. Radiation testing on HIMAC in Japan (unpublished) 

During preparation of LVICE2 mission, testing of magnetometer’s engineering model 

has been performed. Results of conventional testing was almost the same as shown above in 

“Characterization of a Digital AMR Magnetometer for Space Applications” as main 

components of magnetometer remained the same, only interfaces changed. So, they are not 

shown here, but heavy-ions bombardment on HIMAC (Heavy Ion Medial Accelerator in Chiba) 

in Japan has shown interesting (at the moment unpublished) results that are presented below. 

Fig. 6. Photo inside of HIMAC facility (beam output of accelerator) 

Fig. 7. Photo of developed AMR magnetometer prepared for irradiation by heavy-ion beam (right) and together with another instruments 

prepaed on moving table for irradiation during session (left) 
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After irradiation session, heavy-ions activated some of the elements in magnetometer, 

so it must stay stored in the facility until induced radiation drops below safe level (Fig. 10). 

Fig. 8. Photo of induced radiation measurement using dosimeter probe 

Due to the lack of time for preparation, only small amount of data has been collected 

(no sophisticated measurement setup with PXI frame in this session). Magnetometer streamed 

data over serial link and its power consumption has been monitored with DMM. 

One of ADC’s inputs has been shorted to see effect on its offset, another one connected 

to voltage reference to see gain drift. Third channel worked as normal, i.e. measuring AMR 

bridge output while MCU held this AMR in closed loop using DAC. Fourth (last) channel was 

used to measure temperature using Pt1000 sensor (assuming ADCs offset and gain drift caused 

by irradiation to be smaller than voltage change caused by temperature variations).  

From data (see Fig 11-13 below) it is clear that the magnetometer has experienced 

multiple single event effects (SEE), because of temperature rise (Fig. 13), and also looking on 

DMM, current consumption spikes it was probably latch-up type (SEL). In the first few cases, 

magnetometer has been reset manually by power cycle, but it was found out that it recovers 

from that states by its own, so in most cases it was not power-cycled.  

Fig. 9. Temperature measurement during irradiation                                                                                                                                            

(fast spikes are caused by settling after mgm SEL induced reset, slow jumps due to real temp. swing – probably caused by SEL too) 
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 In Fig. 12 below, offset and gain drift of used ADC can be seen, while offset remains 

almost unchanged, slight gain drift can be observed. Strong correlation between gain drift and 

temperature swing (Fig. 11.) can be seen, leading to conclusion that this gain drift is not caused 

by radiation but temperature swing instead. This can be supported by simple estimation: 100 

ppm peak of gain drift at 0.5 krad TID from Fig. 12 corresponds with approx. 4 °C temperature 

change at 0.5 krad TID from Fig. 11. resulting in 25 ppm/K temperature dependence. Datasheet 

specifies gain temp. coef. to be typically 9 ppm/K, but there also play a role temp. dependence 

of the voltage divider (to obtain gain drift, one channel of ADC measured voltage reference, 

but divided to a half with resistors that also have approx. 100 ppm/K temp. coef.) 

Fig. 10. Offset (left) and gain (right) drift of used ADC with increasing dose  

In presented magnetometer, the advantage of its architecture is that slow change of the 

offset or gain of the ADC has almost zero effect on the resulting magnetic field measurement 

(Fig. 13). Offset and its drift is neglected using digital demodulation of AMR output (useful 

signal is AC modulated by AMR flipping, amplified and sampled by ADC and then 

demodulation into DC is done in software). Gain of ADC and its drift is neglected by feedback 

loop where sensitivity of the magnetometer is given by compensation coil constant and DAC’s 

gain which seems to be stable. 

Fig. 11.  Magnetic field measurement (in closed loop) during irradiation  
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4.11.  Rocket flight of AMR magnetometer 

During the preparation of a magnetometer for the LVICE2 mission, an opportunity arose 

to test the instrument on a student sounding rocket from the University of KwaZulu-Natal in 

South Africa. This was possible thanks to a long-term collaboration between the South African 

National Space Agency (SANSA), the university, and my colleague Ing. Michal Janošek, 

Ph.D.The sounding rocket was planned to achieve an apogee of approximately 12-14 km and 

then land back with a parachute for payload recovery (three 1U cubesat-format payloads – 

10x10x10 cm). 

From our perspective, this flight of the magnetometer could count towards increasing 

its TRL, as it needed to survive the shock during launch, vibrations during flight, and steep 

temperature swings. I developed specialized hardware for storing data from this main 

magnetometer on two different memories for redundancy (an SD card and FLASH ICs). There 

were also two auxiliary magnetometers (MMC5983), an accelerometer and gyro (ICM-20608-

G), an NTC thermometer, a 2G mechanical switch, and wireless (Xbee) communication with 

the logger. 

As the payloads needed to be mounted inside the rocket hours before launch, most 

instruments and data logging had to be disabled, making reliable launch detection crucial. For 

this reason, a 2G mechanical switch, an accelerometer set to a 2G threshold, a temperature drop 

below 10°C, and finally an Xbee manual command were prepared to trigger detection.

 Everything was prepared, sensors calibrated, and the payload mounted inside the rocket. 

Unfortunately, on the day of the flight, the weather conditions changed rapidly, and a fast 

decision had to be made. The apogee was decreased to 3 km, and the direction was changed to 

the sea with parachute ejection disabled. At that moment, no payload (and data) recovery was 

possible. Fast reprogramming of the firmware to at least send data wirelessly was done, but the 

wireless link was not designed for this purpose, so only a small amount of data from the first 

four seconds of flight was obtained. 

Photos of the entire payload (logger + AMR magnetometer + battery + mechanical part) 

can be seen in Fig. 14. The launchpad and our ground station antenna can be seen in Fig. 15. 

At the moment (7/2024), another launch is planned for 11/2024 with the same 

electronics but with a long-range, high-bandwidth wireless link and data compression to have 

the possibility to receive data from the whole flight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Our flight logger with AMR mgm. nn top                                                 Fig. 15. Ground station antenna pointed in flight direction 
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5. Conclusions 

After summarizing the state-of-the-art and investigation of potential of different sensor 

technologies, designing of magnetometer for space applications has been focused from the 

beginning mainly on AMR sensors. The AMR sensors were chosen for their potential to 

partially replace or complement fluxgates. All four objectives from the chapter 3 were fulfilled: 
 

I. Design AMR (and/or fluxgate) magnetometer with COTS components, that 

has the best possible parameters (at least comparable to state-of-the-art) and 

put emphasis to possible radiation tolerance. 
 

This point is covered in chapters 4.1. to 4.3. and 4.6. AMR based magnetometer has 

been researched and developed prototype has even better parameters than commercial state-

of-the-art AMR magnetometers. The latest prototype is using only COTS components that are 

well reachable by multiple distributors. 
 

II. Perform set of tests and measurements on key parameters and radiation 

tolerance and try to enhance these parameters by finding and replacing 

susceptible parts  
 

Radiation testing is discussed in chapters 4.4 and 4.5. and in 4.10. First radiation testing 

was performed with 60Co gamma-rays and has identified problematic parts in design. During 

the second irradiation session, improved prototypes have been tested and confirmed good 

usability of the design. The level of >100 krad is more than sufficient for most missions on low 

Earth orbit. Two pieces were tested, both provided practically identical results giving more 

confidence to the results.  

However, some of the STM32 microcontrollers were reported to be prone to single event 

upsets (SEU) or latch-ups (SEL) when bombarded with neutrons or heavy ions [33]. As the 

SEL was reversible, power cycling done by power management unit would solve the problem. 

In chapter 4.10 (HIMAC irradiation session), this susceptibility was confirmed. One way to 

manage this issue is migrating to different microcontroller with better radiation tolerance or 

using sufficient shielding of sensitive part of the electronics.  
 

III. Reduce power consumption as much as possible to make that magnetometer 

most suitable for the space applications 
 

In chapters 4.7 and 4.8 a novel methods of reducing power consumption are proposed. 

In 4.7 discontinuous power supply of AMR bridge is presented. And selective enabling of 

feedback loop only on demand, i.e. when necessary is presented in 4.8.  
 

IV. If possible, prepare flight-ready magnetometer for real space mission 
 

Preparing magnetometer for real space mission LVICE2 (chapter 4.9) helped to 

summarize requirements for such instrument and even though there is still a lot of testing to be 

done before full commercial use in space (thermal vacuum, EMC, vibration testing etc.), most 

problematic part of development (radiation testing) is covered within this thesis.  

As for many space projects TRL of instruments is important, an effort for at least flight 

on student rocket was taken. In chapter 4.11 rocket flight of AMR magnetometer prototype is 

covered. 
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8. List of Abbreviations 

AMR     ... Anisotropic Magnetoresistance 

GMR  ... Giant Magnetoresistance 

TMR  ... Tunnel Magnetoresistance 

MGM  ... Magnetometer 

FG  ...  Fluxgate 

COTS  ...  Commercially-off-the-shelf 

DMM      ... Digital Multi Meter 

DVM  ... Digital Voltmeter 

EMSA  ... European Magnetic Sensors and Actuators (conference) 

ASIC  ... Application Specific Integrated Circuit 

FPGA  ... Field Programmable Gate Array 

MCU  ... Microcontroller Control Unit 

PSU  ... Power Supply Unit 

PWM  ... Pulse Width Modulation 

LDO  ... Low Drop-Out 

TC  ... Temperature Coefficient 

TRL  ... Technology Readiness Levels 

TID  ...  Total Ionizing Dose 

SEE  ... Single Event Effects 

SEU  ...  Single Event Upset 

SEL  ...  Single Event Latch-up 

ADC  ... Analog to Digital Converter 

ESA  ... European Space Agency 

SOSMAG ... Service Oriented Spacecraft Magnetometer 

DAC  ... Digital to Analog Converter 

HP  ...  High pass (filter) 

LP  ...  Low pass (filter) 

LVICE2  ...  Lunar Vicinity Complex Environmental Explorer 

DAQ  ... Data Acquisition 

 


