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Abstract. Space is an environment of extreme parameters. Wide temperature
swings, very low pressures (vacuum), moderate to high radiation, mechanical
vibrations and impacts, etc. Thus, components for space applications, which
need to stand these hard conditions, are normally very expensive and it often
takes a while to include emerging technologies in the space market. This means
that space components are not always that innovative.

The case of vector magnetometers is not an exception. Since the beginning
of the space exploration mainly fluxgate magnetometers have been used for
magnetic mapping [1]. Fluxgates are robust sensors and massive core fluxgates
present very good performances for geomagnetic mapping and further explora-
tion in the solar system. Besides, they are normally combined with a scalar ab-
solute sensor for calibration of the vector magnetometer.

In an attempt to be able to get ready as fast as possible to use emerging
magnetic sensing technologies for space applications, INTA has devoted some
effort in the qualification for flight use, of Commercial Off-The-Shelf (COTS)
solid state magnetic sensors, as AMR and GMR sensors [2-4].

In this chapter we describe the chain of testing and adaptation of the avail-
able commercial GMR sensors for an experimental payload in a picosatellite
(OPTOS, 3 kg). We present the calibration tests results and the expectations we
have for the in-orbit measurements.

1 Introduction — A Flight Opportunity

This chapter reports on the first GMR commercial sensor on board a satellite: from
the conception to the preflight calibrations. The idea of such a challenge starts in 2005
encouraged by the increasing interest of GMR sensors mostly in recording magnetic
heads [5-9]. The group of Space Magnetism of the Spanish National Institute of Aero-
space Technology (INTA), born in the end of the nineties, defined its strategy with
the upqualification of commercial off-the-shelf (COTS) magnetic sensors for space
applications with the aim to be ready for the qualifications of the new emerging tech-
nologies [2]. In this line already in 2005 a miniaturized AMR-based sensor had been
launched onboard NANOSAT-01, and the idea to broad this initiative to GMR
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sensors with half volume of an AMR, double response to magnetic field, and a poten-
tial lower power consumption, was very challenging.
At that time, three Spanish space missions started almost simultaneously:

1) An INTA picosatellite (mass lower than 3 kg) called OPTOS “A New Light in
Space”: a platform for technology experimentation [10]. Among the proposed pay-
loads there were an optical camera APIS, an experiment to measure the tempera-
ture by means of a set of optical fibers (FIBOS), and we were asked to propose a
magnetic experiment: a GMR-based experiment. Actually OPTOS had another
AMR-based magnetometer onboard for the attitude and orbit control subsystem
(AOCS), so the whole experiment consisted in the intercomparison of both vector
Sensors.

OPTOS, composed of three piled cubesats [11-13], is a real challenge of compact-
ness. Imagine how to place the computer, the power unit, etc. and several payloads in
a volume of 10 cm x 10 cm x 30 cm. In this compact scenario, the communications
between the computer and the rest of the units are performed by means of optical
wireless links (OWLS). The wires are completely removed fundamentally to make it
easier the integration and assembly tasks.

2) A second nanosatellite in the frame of NANOSAT program: NANOSAT-1B. A
more advanced and experimented platform for technology demonstration. Onboard
this platform the initial experimental payloads were a couple of magnetic sensors:
the GMR and a magnetoimpedance vector, and an experiment for the measurement
of the total radiation flux by means of the effect the radiation has in the dark cur-
rent of optoelectronic devices: Las Dos Torres (The Two Towers) [14].

3) A national satellite for Earth observation: SEOSAT. This was supposed to be the
first Spanish satellite with the capability to take high resolution multispectral im-
ages for different purposes like cartography, agricultural and aquifers mapping, ca-
tastrophes and security management, etc. Again, in this platform, two very small
payloads were proposed: the Two Towers and a GMR vector sensor called
MAGNETITA.

In the three space mission the scientific objective for the GMR sensors was to meas-
ure the geomagnetic field (+ 60 puT) with accuracy in the order of 10 nT, which is a
typical resolution for attitude determination not very strict.

Figure 1 shows the block diagram of the different experiments on board the three
platforms. It can be seen that the more complex experiment was proposed for
SEOSAT, and consisted in a couple of vector sensors for intercomparison, a calibra-
tion coil and a temperature sensor, for thermal compensation due to the high tempera-
ture dependence of solid state sensors, within the same experiment. Experiment for
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NANOSAT-1B followed this one in complexity, with calibration coil and temperature
sensor in the experiment and the open possibility to compare GMR measurements
with the AMR sensor. Finally the experiment onboard OPTOS was very limited as a
whole but again there were coils in the satellite for GMR calibration and the above
mentioned AMR sensor for the AOCS. It can be seen how the complexity of the ex-
periment was reduced as mass was more limited: SEOSAT mass is above 700 kg,
NANOSAT-1B mass is 20 kg and OPTOS is less than 3 kg.

OPTOSAT: A New Light in the Sky (picosatellite)

Vee

3 axis GMR magnetometer =
1 Temperature Sensor =¥

No Calibration is performed. Data are compared with ACS 3 axis magnetometer

NANOSAT 1B (nanosatellite)

1 axis GMR magnetometer
1 (3 axis) Calibration Coil
1 Temperature Sensor

SEOSAT: Spanish Earth Observation SATellite
Vee

3 axis GMR magnetometer
3 axis AMR reference magnetometer

1 (3 axs) Calibration Coil
1 Temperature Sensor

Fig. 1. Blocks diagram of the GMR experiments proposed for the three platforms

In 2006 NANOSAT-1B restricted the magnetic experimental payloads to one and
then the magnetoimpedance experiment continued alone onboard this platform. In
2008 MAGNETITA also got off of SEOSAT so the GMR experiment onboard
OPTOS is the only one that has survived up today and the protagonist of this
story.
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2 Selection of an Appropriate Commercial Off-The-Shelf
(COTS) GMR Sensor

As it has been described previously in this book, GMR effect is the change in electri-
cal resistance of a multilayer of ferromagneticaly coupled magnetic layers, separated
by non magnetic layers, when it is exposed to a magnetic field. In this chapter it is
only considered the group of sensors consisting of a multilayer of two ferromagnetic
layers separated by a metallic layer (GMR). Other types of sensors like the Magnetic
Tunnel Junctions (MTIJs) consisting of a trilayer of ferromagnetic material with an
inner insulator are not taken into consideration [15-16].

In the absence of a magnetic field the magnetization of the GMR above mentioned
sensors, is perpendicular to the measuring axis and alternate among the layers. When
a magnetic field is applied, the magnetization of the magnetic layers rotates towards
the direction of the external magnetic field (Figure 2).

High Resistivity

Magnetic Layer
——

Magnetic Layer
«—

Low Resistivity

Magnetic Layer

/ 3

Wagnetic Layer gneﬁc F'el
a

ExterM

Fig. 2. GMR working principle scheme

The effect was first described in 1988 but in the time until 2005, the GMR com-
mercial devices have been used mostly as magnetic encoders and switches, and very
much related to the field of magnetic recording. There was not a significant manufac-
ture of sensors. Among the 47 companies we bench-marked manufacturing magnetic
devices: sensors, reed switches, encoders, etc (Table 1), it was only possible to find
suitable magnetic sensors for geomagnetic mapping in NVE and Hitachi Metals.
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The candidate COTS for the mission are limited to those listed in Table 2. Actually
the gradiometers are purchased to complement the measurement of the magnetic field
with a measurement of the gradient.

Table 2. List of initial candidates for GMR COTS sensors

Item | Reference Characteristics Manufacturer
1 HMS55B GMR Magnetic Sensor Hitachi
2 | AA002-02 GMR Magnetic Sensor NVE
3 | AA005-02 GMR Magnetic Sensor NVE
4 |AAHO002-02 GMR Magnetic Sensor NVE
5 [AAL002-02 GMR Magnetic Sensor NVE
6 | AB001-02 GMR Gradiometer NVE
7 [ABHO01-00 GMR Gradiometer NVE
8 [AAVO001-11| Spin Valve Magnetic Sensor NVE
9 |[AAV002-11| Spin Valve Magnetic Sensor NVE

Among the COTS firstly taken into consideration: sensors by Hitachi and NVE, it
was decided to focus on the NVE sensors because the Hitachi sensors are explicitly
not recommended for radiation proof [15].

The former devices under test were the magnetic sensors AA002, AAH002 and
AALO002 and the gradiometers AB00102 and ABH001-00 of NVE [16]. The selection
was based on their higher sensitivity compared to other sensors of the same families
and the appropriateness of the dynamic range. For instance, AA0OS has a significant
higher dynamic range between 1 and 7 mT, above the specifications of the mission.

GMR magnetic sensors have an active area of approximately 350 microns by 1400
microns. The sensors are configured as a Wheatstone bridge with resistors of 5 kQ
made of GMR material. The sensors are provided with flux concentrators for two
purposes: to provide the Wheatstone bridge with an asymmetry that unbalances the
output of the Wheatstone bridge due to the different shielding of the resistors and to
tailor the sensitivity.

The formula NVE provides for the calculation of the field in the position of the
sensors due to the effect of the flux concentrators (FC) is:

B =60%'r< p (1)

sensor applied
FC

where lgc (~ 400 um) is the length of the flux concentrators and ggc (~ 100 um) the
gap between them.

As a result these sensors create an artificial field gradient in the chip by means of
which the magnetic field is measured.
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In NVE magnetic gradiometers the flux concentrators are removed so the Wheat-
stone bridge has zero output in the presence of a uniform magnetic field all along the
dimensions of the chip. In contrast the output is unbalanced in the presence of a gra-
dient field being the shift in voltage proportional to the field and to the spacing
between pairs of resistors (0.3 mm, 0.5 mm, or 1.0 mm depending on the sensor prod-
uct). As it has been mentioned, these sensors were purchased in case that a comple-
mentary measurement could be performed, mostly motivated by the presence of a
nearby dipole, since OPTOS has not a magnetic cleanliness program. This option was
later discarded.

Finally a couple of spin valve sensors were purchased for comparison but they
were not used for this project, so from now on this work will focus on the magnetic
Sensors.

Characteristics of the purchased sensors can be seen in Table 3.

When comparing with AMR sensors, GMR are more efficient in terms of sensitiv-
ity per voltage. Also the power consumption of GMRs is lower due to the higher re-
sistance (5 k€2 compared to a 1 kQ typical value of AMR.

Table 3. Characteristics of AA002, AAH002 and AALOO2 sensors [16]

Parameter Sensonte Unit
AA002 AAH002 AAL002
Hectrical resistance 5 2 5.5 kQ
Sensitivity [30, 42] [110, 180] [30, 42] mV/VmT
Saturation Field 15 0.6 1.5 mT
Bridge Voltage Range [<1,24] [<1,24] [<1, £25] A\
Operating Frequency [DC,>1] [DC,>1] [DC, > 1] MHz
Operating Temperature Range [-50, 125] [-50, 150] [-50, 150] °C
Bridge Hectrical Offset [-4, +4] [-5, +5] [-4, +4] mV/V
Signal Output at Maximum Field 60 40 45 mvV/V
Linear Range [0.15, 1.05] [0.06, 0.30] [0.15, 1.05] mT
Nonlinearity 2 4 2 % (unipolar)
Hysteresis 4 15 4 % (unipolar)
Tempco of Resistance 0.14 0.11 0.11 % | °C
Tempco of Output at Constant supply Current 0.03 0.1 -0,28 % | °C
Tempco of Output at Constant supply Voltage -0,1 0 -0,4 % | °C
B angle between
Off Axis Characteristic Cos B Cos B Cos B field and
sensitivity axis

ESD Tolerance 400 400 400 V pin-to-pin HBM

Figure 3 shows the response curves of the candidate sensors. Two characteristics
should be remarked: one is that GMR is an even effect and thus their response is the
same no matter the direction of the field and the other is that response curves present
a not negligible hysteresis.

The transition from the ordered saturated magnetized state up to the high resistance
state goes through a line with higher sensitivity while the transition from the sponta-
neous alternated magnetization towards the saturation magnetized state goes through
a lower sensitivity curve. In the low field region, the repeatability is really poor.
However the sensitivity of any of the branches is very good and appropriate for the
magnitude of the Earth magnetic field intensity.
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Fig. 3. AA002, AAHO002 and AALOO2 response curves for a 2 mT range

Another issue (mentioned in) is the high dependence of GMR sensors with tem-
perature. Figure 4 corresponds to a sequence of measurements of the AALO02 device
performed at a fast rate, while the sensor is being warmed up by means of a close
electrical resistor (Joule effect). It can be seen how the sensitivity of the sensor de-
creases monotonically with the increase of temperature. This characteristic will have
to be taken into account in two aspects: on the first hand a thermal compensation will
be essential, and on the other hand, any coil for the correction of the previously men-
tioned odd response will have to be placed at a certain distance from the sensor to
avoid direct heating.

0.5
Color
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Fig. 4. Degradation of the response of the AALO0O2 magnetic sensor as the temperature
increases
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The next step is to study the linearity of the different candidates to discern which
the most suitable working region is and with which sensor.

The response of the GMR sensors under study is not linear in the whole range.
Though this actually can be compensated calibrating the curve, for basic applications
with simple proximity electronic and data processing it is much more convenient to
have a linear response.

To study where the sensor is linear attention is paid to the first derivative of the
output response respect the external magnetic field (denoted by dVout/dB in the
graphs). When the value of the derivative is constant, i.e. the sensitivity is constant,
the sensor is considered to have a linear response. The ideal situation is that both
branches of the hysteresis loop had the same slope and thus, the same sensitivity and
that the linearity is a maximum.

To study this, a simple set up is developed (Figure 5). A MATLAB program con-
trols the intensity of a power source (E3631E by Agilent Technologies) that supplies
with current a coil setting the external magnetic field. The direction of the current is
changed by means of two relays connected to the switches of the Data Acquisition /
Switch Unit (HP 34970). The value of the electrical current is requested to calculate
the magnetic field. The output signal of the sensor is acquired by the Data Acquisition
/ Switch Unit.

Each measurement consists of the average of only two samples. These first tests
are performed at very low frequencies to get the external field completely stabilized.

—— 1 1 |Coil
Current Source <
MR
E3631A Agilent —@ oo G
A
Vout
Y Y
< Data Acquisition /
PC - »  Swith Unit
N HP 34970A

Fig. 5. Block diagram of the set up for the measurements

The coil used is not a perfect Helmholtz one and the area of homogeneous mag-
netic field is confined in a region of 5 mm with an homogeneity better than 9-107 %.
A mechanical fixture is manufactured to guarantee the repeatability in the positioning
of the sensors.

Figures 6, 7 and 8 show the response curve (dark blue referenced to the left hand
side Y axis) and the derivative / sensitivity (light blue referenced to the right hand Y
axis) of the AA002 , AAH002 and AALOO2 respectively when a ramp of + 2 mT is
applied.
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Fig. 6. Response curve and derivative of the AA0O2 sensor vs. the external magnetic field
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Fig. 7. Response curve and derivative of the AAH002 sensor vs. the external magnetic field
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Fig. 8. Response curve and derivative of the AAH002 sensor vs. the external magnetic field
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At a glance it can be seen that AA0O2 and AAHO002 show higher hysteresis than
AALO002, and the linearity is better in AAH002 and AALOO2.

Regarding the derivative of the field (sensitivity) AAHO002 sensor (Figure 7) does
not even present a linear interval in the field range. This sensor is discarded for the in
flight experiment.

However, AA0O0O2 and AALOO2 derivatives are constant for a certain interval of the
field (~0.5 mT). In the sensor AA0O2 the derivative is split into two branches due to
the hysteretic behaviour of this sensor while in the AALQO2 the split is minimal. Ac-
tually, the dispersion of the derivative in the two branches is higher in the AA002
than in the AAL0O2.

Following this argument of a less hysteretic and a more linear response, AAL002
sensor is selected for the OPTOS experiment.

3 Biasing Mechanism

Previously it has been discussed the even nature of the GMR effect, which for practi-
cal purposes limits the capability of the sensors to measure the magnitude of the field
but not the direction. Other magnetoresistive sensors have this problem as well but
even at commercial level, the devices are provided with a biasing mechanism called
Barber pole. In these sensors the magnetic material (a monolayer) has a set of copper
microstraps inserted at an angle of 45° of the magnetic strap making the current pass
through the material at an angle of -45° following the shortest distance between better
conductive layers. Also the devices have a microcoil assembled so a magnetization in
the easy axis can be performed. In such conditions, when a magnetic field with a
component perpendicular to the easy axis is applied, the magnetization rotates to an
equilibrium position between the action of the field and the previous state magnetized
in the easy axis [17]. With this mechanism, AMR devices are sensitive to field direc-
tion since the projection of the magnetization on the direction of the current is differ-
ent for both signs of the field.

More recently, it has been reported the use of crossed axis GMR for odd response
as a function of the field [18], which has been recommended for linear applications
without excitation. However, available COTS GMR sensors in 2005 are not provided
with such a mechanism and thus, external biasing needs to be performed to measure
the vector field [20-24]. In this subchapter this mechanism is introduced.

The first step for biasing is to find an optimum working point. It has been de-
scribed that the zero field area is a very poor area for measuring so biasing fields are
applied to find a better working area. Figure 9 shows biased curves for AAL002.

The mechanism proposed to solve the hysteresis problem is the following. If both
branches are characterized it is possible to measure with the sensor in any of them but
what is more, if it is possible to locate the magnetic sensor in one of the branches, the
measuring procedure is easier and the repeatability higher.
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Fig. 9. Response curve (dark blue referred to the left hand side Y axis) and derivative (light
blue referred to the right hand side Y axis) of the AALOO2 sensor vs. the external magnetic
field. For different bias field in both senses.

This is the goal of this mechanism: to apply a magnetic field high enough so as to
guarantee that the sensor is following a certain branch when this field ceases.

In Figure 10 it is shown a graph of the response (dark blue) of the AA002 and its
derivative (light blue) in a range of field of + 2 mT. It has been used the AA002 curve
because it is the one which shows the higher hysteresis and it is easier to distinguish
between the branches.

In the absence of an external bias and S / R magnetic field (State 1), the response
of the sensor is very uncertain and highly dependent of the previous states.

If a bias field is applied (State 2) there are two possible states depending on the
previous state of the sensor. If the environment is relatively clean, the most probable
branch is the one on the left in the upper part of Figure 10, this is, the one with less
sensitivity. To avoid this uncertainty around the working point a Set field, with a
higher value of that of the biasing field is applied (State 3) followed by a bias field
centred in the range of constant derivative (State 4). In this way the sensor goes to this
4™ state from state 3 through the most sensitive path.
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In the negative part of the measurement, the procedure is exactly the same. The
State 5 is uncertain but after the Reset pulse (State 6), the State 7 is already defined

and the corresponding sensitivity characterized.
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Fig. 10. Set Reset mechanism. Correspondence between the field applied and the magnetic state

of the GMR multilayer

The result of this procedure for different values of the S / R field is shown in

Figures 11 and 12.
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Fig. 11. Response of the AA0O2 sensor with the bias field mechanism (green), with a 1.5 times
the bias field Set / Reset Field (red) and with two times the bias field Set / Reset field (blue)



198 M.D. Michelena

It can be seen in these figures that the higher the S / R field the higher sensitivity.
Also at the appropriate value of the bias field the derivative has the less dispersion.

The Set Reset mechanism together with the alternating bias improves notably the
behaviour of the sensors being the best choice the AAL002, which presents the less
hysteretic behaviour and thus the higher repeatability. The value of the bias field is
around 300 and 325 pT and the minimum detectable field is now limited by the power

sources used.
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Fig. 12. Response of the AALOO2 sensor with the bias field mechanism (green), with a 1.5
times the bias field Set / Reset Field (red) and with two times the bias field Set / Reset field
(blue)

4 Qualification of the Sensor

As it has been explained, GMR sensors were in a commercial stage of development,
thus the technology readiness level (TRL) attributable to the COTS sensors was
around 4 following the NASA and ESA standards.

For OPTOS mission the qualification of the sensor for flight use was performed by
means of three different tests:

e An outgassing test to check the suitability of the plastic package

e An irradiation test with protons to discard a malfunction of the sensors under
radiation (potential creation of defects of the material, and thus in the magnetic
response)

e Tailored upscreening for the mission

OUTGASSING
Space environment is often thought as vacuum. In this atmosphere, components can
outgas. This implies mainly three concerns:
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e Their operational properties can change giving rise to dimensional stability and
lubrication problems for instance

e They can generate a “gas cloud”, which can perturb measurements specially in
scientific missions

e The “gas cloud” can condensate on surfaces modifying their operational proper-
ties: thermo-optical, radiation effects and electrical with the corresponding ther-
mal and electrical problems

Thus, an outgassing test was performed following the ECSS-Q-70-02 norm from the
European Space Agency “Thermal vacuum outgassing test for the screening of space
materials”. The purpose of this test is to ascertain if the package of the sensor out-
gases by means of the measurement of the:

e  Total mass loss (TML)
e Returned mass loss (RML)
e  Collected volatile condensable material (CVCM)

This test was performed at INTA. GMR sensors showed a negligible outgassing, and
thus, no expected change in operational properties of the plastic package, neither do
“gas cloud” emission or condensation, add derived problems. As a result, the package
was considered apt for flight in terms of outgassing.

IRRADIATION

Satellites orbiting the Earth have a very different weather than equipment on the sur-
face. “Space vacuum” involves plasmas, all range of energies electrons and ions,
which potentially can damage the equipment of the spacecrafts. High energy particles
(10 MeV) have the potential to ionize atoms in the materials through which they
propagate and low enery particles (< 100 eV) they can produce accumulation of
charge or other types of materials degradation.

At this point it is very difficult not only to simulate the interaction between these
particles and the materials with experiments but also it is difficult to estimate the ra-
diation environment of the missions because of the changing nature of the space
weather. But one normal way of operation in space missions is on the first hand to
generate an envelope of radiation for the mission life and on the other hand, to per-
form radiation tests generally with gamma and with protons to simulate the different
damages as a function of their energy.

In our case an exhaustive campaign of gamma irradiation for anisotropic magne-
toresistive (AMR) sensors had been performed for the sensors of NANOSAT-01,
launched in 2004. Even though GMR and AMR technologies are not the same, it was
assumed that the magnetic material was immune to the total irradiation dose up to
tens of krad Si and consequently, a campaign of irradiation with protons was per-
formed, to study the effects the high energy particles could have on the sensing prop-
erties of the devices.

At the time of the irradiation campaign the number of sensors for flight was limited
and some of them had been reserved for the rest of the qualification process, so a
further assumption was made: that all NVE magnetic sensors have similar materials
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and the possible damages will be homogeneous in all of them. Under this assumption,
sensors of the type AAOO3 underwent the proton irradiation campaign.

The tests were performed in the RADEF facility, located in the Accelerator Labo-
ratory at the University of Jyviskyld, Finland (JYFL). The facility includes a beam
line dedicated to proton irradiation studies of semiconductor materials and devices.

The real fluence received by the GMR sensors is listed in Table 4.

Table 4. Mean Fluence and standard deviation (protons / cm?) for the irradiated devices

Step | Fluence (p+/cm’) | Std. Dev. (p+/em’)

0 0 0

1 8,00E+10 427E+09
2 4,80E+11 2,56E+10
3 8,80E+11 4,770E+10
4 1,28E+12 6,83E+10
5 1,68E+12 8,97E+10
6 2,08E+12 1LL11E+11

The fluence is calculated for a typical satellite in a Low Earth Orbit (LEO).

Four AAOO3 GMR sensors were exposed to this radiation. The response of the sen-
sors for a magnetic field ramp was measured after each step starting with a saturating
magnetic field in one direction and returning to this point to measure changes in sen-
sitivity and hysteresis.

A mechanical set up (Figure 13) was performed to reproduce the position of the
sensor in every check.

Magnetic Coil
5 Fixing
rass i
Screw point
GMR Sensor

""" 5 N
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Mechanical Bench

@
Brass
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Fig. 13. Mechanical bench for repetitive magnetic characterization of GMRs
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The sensors did not show appreciable changes in sensitivity and hysteresis along
the irradiation, so they are considered as radiation robust for the fluence and rates
used.

TAILORED UPSCREENING

OPTOS is a mission with an expected life time of three years. The components of the
missions need to have proven that they can stand the conditions of the life time. To do
so, an accelerated ageing of the devices is foreseen. This is called upscreening.

During the upscreening process a representative number of AAL002 GMR devices
of the same badge are tested. The sequence of the upscreening, designed by INTA,
and the number of components for each step are shown in Figure 14.

After a serialization a visual inspection of the 30 units of the lot is made to ascer-
tain that there are no irregularities in the devices. This step is performed by means of
an optical microscope at 10x. Purchased sensors did not present any visible non con-
formity.

For the following steps, the sensors are placed in a PCB with appropriate sockets
inside a magnetic shielding chamber with a coil (Figure 15) to permit the checking of
the magnetic characteristics of the sensors in the different conditions. The whole set
up is placed in the thermal chambers for the qualification process.
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Fig. 14. Tailored upscreening for GMR sensors
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Fig. 15. PCB with sockets inside the one-layer mumetal shielding chamber

The following step is a thermal shock which is performed to determine
the resistance of the part to sudden changes in temperature. The parts undergo a speci-
fied number of cycles, which start at room temperature. The parts are then exposed to
the highest qualification temperature (+70°C) and, within a short period of time, ex-
posed to the lowest qualification temperature (-20°C), before going back to room
temperature. After the final cycle, external visual examination of the package, pins,
and seals is performed at 10x. The marking is also inspected (magnification lower
than 3x). As no illegible mark and/or or evidence of damage to the package, pins, or
seals after the stress test was noticed, the devices are apt to continue the burn-in test,
in which the temperature is risen to 125°C for a long time. In contrast to the specified
time of 240 hours the devices remained at 125°C for 92 hours, which was agreed by
the system engineer.

At this point it is checked the electrical and magnetic response of the devices, i.e.
the measurement of the Wheatstone bridge resistance (not powered) and a five points
ramp of magnetic field generated by means of an external coil.

Devices showed a negligible deviation of their electrical Wheatstone bridges resis-
tors (lower than 100 ppm) and the sensitivity measured does not change appreciably
(~1 % outside the magnetic shielding chamber).

The next step is the whole life simulation of the devices. This consists in a non stop
operation of the sensors at an accelerated rate of excitation to age the components.
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Since the simulation of the mission life cycle is potentially stressing for the compo-
nents, only a small amount of the devices undergo this proof.

After this test the resistance of the components is measured with no observed de-
viation respect to the former measurements.

The calculation of the drifts resulted in a negligible deviation of the response of the
sensors with magnetic field (~1 % outside the magnetic shielding chamber) and no
observable variation of the Wheatstone bridges electrical resistances (lower than 100
ppm). Thus, AALO02 GMR sensors are considered qualified for OPTOS mission.

5 Design of the Device

In this section it is explained the mechanical design of the sensor. The description of
the front end electronics are out of the scope of this chapter.

AALO002 GMR sensors are one axis sensor. To develop a vector magnetometer
they need to be located in perpendicular planes. A cube of FR4 material was used for
this purpose (Figure 16).

The cube was mechanized with some slots for the biasing mechanism, which con-
sists in magnetic coils wounded around each magnetometer producing a biasing field
in the sensing direction. The field needs to be high enough to saturate the GMR sen-
sor (in the order of 600 uT).

The biasing mechanism permits the measurement of the field with its direction. To
do so, attention needs to be paid in the winding of the coils around each sensor for a
right handed system aligned with the reference system of the spacecraft.

Since only four of the pins of each magnetometer need to be connected, no printed
circuit board was performed. The connection of the pins was wired.

Temperature

Front end
Sensor

Electronics

GMR Magnetic Sensors
and biasing coils

Fig. 16. Scheme of the FR4 cube with three orthogonal GMR devices

Figure 17 shows a picture of the GMR flight model. Towards the centre it can be
seen the cube with the three GMR sensors and their biasing windings.

The whole PCB consists in the GMR sensor, the optical link and the corresponding
adapter. The dimensions of the PCB are 89 mm, 78.8 mm ad 19 mm and the nominal
power is lower than 500 mW.
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Fig. 17. Flight model of the GMR based vector magnetometer

6 Performance

GMR sensor for OPTOS is a vector magnetometer with a dynamic range of + 150 uT
in every component. The sensitivity of the different axes is: 28 mV/ uT — X axis, 24
mV/ uT - Y axis ad 17 mV/ uT - Z axis.

The offsets in the different axes: -115 mV (X axis) , -105 mV (Y axis) and -124
mV (Z axis), though this offset will have to be in flight calibrated due to the proximity
to magnetic materials.

The stability of the sensor is fairly good (better than 500 ppm in one hour) and the
cross axis is less than 1 %. Sensors still need a final calibration with temperature.

GMR sensors have higher sensitivity than other magnetoresistive sensors (AMR)
but their intrinsic noise, likely due to their more complicated structure, is higher and
implies a higher low-field detectivity limit. Due to the ultimate performance-limiting
factor of the noise in GMR sensors, it is worthy to devote some effort in the determi-
nation of it and in the understanding of the noise sources. Besides, the measurement
of the power spectral density — PSD, can give any clue of the better operation fre-
quency of the sensor.

In the low-frequencies range, the two sources of noise are the white noise or ther-
mal noise and the 1/f noise [25-26].

The former is related with spontaneous fluctuations induced by the thermal excita-
tions and its PSD is given by the Nyquist equation:

PSD(f) = 4k,TR 2)
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Where “kg” is the Boltzmann constant, “T” the absolute temperature and “R” the
electrical resistance. In our case this noise is lower than 2 pT NHz.

This noise is a function exclusively of the resistance (not of the magnetic field),
and cannot be suppressed nor modified.

The latter source of noise, the 1/f noise, appears in magnetic and non magnetic sys-
tems and it is related to fluctuations of energy around equilibrium. Its PSD, given by
Hooge in 1969, corresponds to:

PSD(f) = % 3)

C

Where “yy” is the Hooge s constant, “V* the applied voltage and “N¢” the number of
charge carriers in the active volume.

This noise is inversely proportional to the volume so it becomes dominant in small
structures.

The set up for the measurement of the PSD in the GMR AALO02 sensor is de-
picted in Figure 18.
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Fig. 18. Set up for the measurement of the PSD of the GMR AALO02 magnetic sensor

The sensor is supplied with 10 V by means of a voltage reference AD584 supplied
with batteries. The coils to provide the bias field are also supplied with batteries. The
bridge configuration has the advantage that voltage fluctuations will appear on both
signal lines and thus, they will be able to be subtracted. To reduce as much as possible
the unwanted pickup of external magnetic field fluctuations due to both the noise in
the bias field or the environmental noise, the Helmholtz coils generating the bias field
are high enough so as to avoid magnetic gradients in the region of the magnetic sensor
and the battery voltage is monitored not permitting a voltage drop higher than a 0.1
%. Finally, the whole system is isolated from external fluctuations of the magnetic
field by means of a 6 layer mu—metal shielding structure.

There is no pre-amplification of the magnetic sensor signals because the signal
analyzer used has input impedance higher than 1 MQ.

The dynamical signal analyzer is PC controlled to measure the PSD of the two in-
dividual channels from DC up to 10 kHz in intervals of 200 Hz with a LabView
programme.
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Afterwards the two channels are cross-correlated (Figure 19).
The graphs of the noise density are in Volts. The sensitivity is in the order of 300 —
450 mV/mT, so the magnetic noise density at 1 Hz is in the order of tens of nTVHz

and at 1 kHz in the order of nTVHz.
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Fig. 19. Cross-correlation (upper graph) of the measurement of the PSD in the two branches of
an AAL0O2 magnetic sensor (graph in the bottom)

The fast decay of the PSD with the frequency together with the suitability of the S /
R and biasing mechanism suggest an operation in the range of the kHz instead of a
DC operation in which the external magnetic field supposes a modulating signal to the
excitation alternating bias field and measure by means of a lock in amplifier.

7 Summary and Conclusions
Working in space conditions is always a challenge; due to the extreme conditions of

temperature, radiation and vacuum. This gets even more complicated when one tries
to use commercial devices, not thought from scratch to work in space.
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The process overviewed in this chapter shows how it was faced the use of com-
mercial giant magnetoresistive devices for flight conditions. The procedure for the
qualification of a GMR COTS based vector magnetometer from the definition of the
mission and payloads on board to the pre-flight calibrations prior to final assembly
and launch is a critical procedure.

The first part of the procedure consists in a bench mark of the enterprises manufac-
turing magnetic sensors in search of GMR candidates. As a result, it was concluded
that the GMR COTS sensor candidate for the fight demonstration is AALO02 by NVE
to be onboard OPTOS picosatellite.

A biasing mechanism was designed to the measurement of the field direction. To
do so, extra magnetic coils had to be foreseen for the sensors.

The whole qualification process of the COTS sensors has been described: out-
gassing, irradiation with protons and upscreening. AALOO2 sensors seem not to be
damaged in the qualification process so they are selected for flight.

Finally the outcome sensor has been fully characterized and characteristics are ex-
plained.

In conclusion, GMR COTS sensors present a high dynamical range and high sensi-
tivity (up to 40 mV / V / mT) but they present some disadvantages compared to other
magnetic sensors as for instance the lack of linearity, thermal and time stability, re-
peatability and noise. At this point white noise is negligible and the dominant source
of noise is 1/f noise.

This fact makes us think that an excitation of the sensor at frequencies in the order
of 1 kHz can lead to a more stable and lower noise operation.

Finally, after all these years of work, OPTOS flight model (Figure 20) is on the
bench about to be ready for the launch.

Fig. 20. Current status of OPTOS spacecraft flight model (FM)
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GMR COTS roadmap to space can be the fastest ever (Figure 21). Our fingers are
crossed for a successful launch and future operation of OPTOS spacecraft, our labora-
tory is waiting expectantly for the new emerging sensor to qualify. Our hopes are that
we have the opportunity to qualify a disruptive technology of magnetic sensing that

M.D. Michelena

revolutionizes the space magnetometry.
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