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ABSTRACT

The magneto-resistive magnetometer (MRM) of the Block of Central University (BCU) payload onboard the Tatiana-2 
satellite is made of anisotropic magneto-resistive (AMR) sensor chips, which have appealing features of small size (10 × 15 
× 7 mm3), light weight (2 grams) and low power consumption (100 mW). The small MRM is packaged together with other 
instrument/subsystems of the BCU into a 1.6 kg payload box for convenient installation. In this report, we present the design, 
calibration, and flight data analysis of the MRM. In particular, the detailed methods of pre-flight calibrations are described. The 
calibrated data revealed typical patterns of the global geo-magnetic field structure and of field-aligned current (FAC) distribu-
tion in the high latitude ionosphere, though the MRM of BCU only has a resolution of 24 nT and a sampling rate of 2.22 Hz.  
Moreover, the current density derived from our magnetic field measurements are about 2 and 3 μA m-2, respectively, for 
downward and upward FAC, which are comparable to those typically observed at auroral latitudes during a quiet geomagnetic 
condition. 
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1. INTRODUCTION

The purpose of the BCU payload carried by Tatiana-2 
is to study space weather features as well as earthquake 
induced signatures in the terrestrial ionosphere. Since the 
Tatiana-2 micro-satellite (also known as Universitetsky-2) 
was to fly along a pre-noon to pre-midnight sunsynchronous 
circular orbit at an altitude of ~830 km and an inclination 
angle of 98.8°, a magnetometer is an ideal choice to detect 
magnetic field variations associated with prominent field-
aligned current phenomenon at high latitudes. 

Because of the advantage of small size and light weight, 
the anisotropic magneto-resistive (AMR) sensor based mag-
netometer have been investigated for years by the faculties 
and students at the Insititute of Opto-Mechatronics Engi-
neering, National Central University (Yang 1997, 2002; Liu  
2005). The MRM has an upgraded design surpassing that 
of the AMR magnetometer for sounding rocket experi-

ments (Chou 2008). The magnetometer is integrated with 
the electron temperature probe (ETP) and supporting elec-
tronic packages into the Block of Central University to form 
a payload for the purpose of investigating ionospheric phe-
nomena. 

In this paper we concentrate on the design, calibration 
and flight data analysis of the MRM. The paper is organized 
as follows. In section 2, we introduce the functions of the 
MRM. Section 3 describes the pre-flight calibration of the 
MRM, and section 4 shows the result of in-flight data anal-
ysis, including the findings with regard to magnetic field 
changes induced by field-aligned currents. The last section 
concludes the discussion.

2. FUNCTIONAL DESCRIPTION

The MRM magnetometer was built to meet the scien-
tific requirement of the payload project off the shelf aniso-
tropic magneto-resistive (AMR) sensors. To describe the 
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implementation of the MRM’s instrumental amplifying cir-
cuit, the basic characteristics and terminologies of the AMR 
sensor and the control timing of sensor operation will also 
be introduced briefly. 

2.1 The AMR Sensor

There are many small regions called “magnetic do-
mains” inside an AMR resistor; four AMR resistors form 
an AMR sensor chip in general, as shown in Fig. 1. An 
AMR resistor must be placed under a magnetic field strong 
enough to magnetize all its magnetic domains in one direc-
tion (called “easy-axis,” as indicated in Fig. 1a) before it can 
be used to sense weak magnetic fields. In order to maintain 
sensitivity and error-free operation, the AMR sensor needs 
to be periodically magnetized by the built-in coil generated 
strong magnetic field in the scenario of use (Caruso et al. 
1999). The measurement of three-dimensional magnetic 
field could also be achieved by combining three AMR sen-
sors into a magneto-resistive vector magnetometer. 

Since the AMR sensor chip is a resistive electronic 
component, it can be driven by constant voltage or constant 
current methods without complex driving circuits. Com-
pared with fluxgate magnetometers, the magnetoresistive 
magnetometers have advantagous features in their small 
size, low power consumption and simple driving circuit. 

2.2 Functional Block Diagram

As shown in Fig. 2, magnetic field first forces the 
AMR sensor to change its resistance, which is transduced 
into a differential voltage signal. Then the voltage signal is 
amplified and the offset voltage is removed. Finally the ana-
logue voltage signals are acquired as digital data by analog-
to-digital converter (ADC). The offset voltage arises from 

several sources. The offset voltage comes from the cross-
axis field contribution called the “cross-axis effect;” an-
other offset voltage comes from an unbalanced Wheatstone 
bridge of the AMR sensor under a zero magnetic field cir-
cumstance called a “bridge offset.” A combination of other 
offsets originating from the signal amplifier, offset control 
and ADC is called a “circuit offset.” 

The offset voltage will seriously degrade the ADC’s 
dynamic range after being amplified, so we must cancel 
it in two ways. The payload processor can determine how 
much offset control voltage to be generated to cancel the 
dominant part of offset voltage and immediately optimize 
the dynamic range of signal. Any residual offset voltage 
is corrected by using a special mechanism called “Set/Re-
set” (Pant and Caruso 1996). The magnetizations of sen-
sor are defined as “Set-state” and “Reset-state” when the 
sensor has been magnetized along and against the easy-axis 
direction, respectively. Because a reversal of the magnetiz-
ing field polarity will not affect the offset voltages resulting 
from bridge offset, cross axis effect and circuit offset in the 
sensor output, we therefore can change the magnetizing of 
sensors between the Set-state and Reset-state alternatively 
then subtract the measurements obtained in both states to 
eliminate any residual offset. 

2.3 Control Sequence 

In order to maintain high sensitivity and compensate 
the offset of the sensor, the magnetizing procedure is car-
ried out before taking every MRM measurement (Caruso 
et al. 1998). For purposes of cancelling the bridge offset as 
well as eliminating the cross-axis effect and circuit offset, 
the polarity of magnetizing current is alternated between a 
“Set-state” and “Reset-state.” As shown in Fig. 3, one full 
cycle of measurement contains “Set-state” switching and 

Fig. 1. A diagram of the operation principles of the AMR (Courtesy of Honeywell International, Inc.): (a) magnetic domains inside an AMR resistor 
with random orientation and two states of magnetization, (b) an AMR sensor consists of 4 AMR resistors.

(a) (b)
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“Set-state” data sampling phases (phase A and B), and “Re-
set-state” switching and “Reset-state” data sampling phases 
(phase C and D). Because the sensor signal is flipping at 
the moment of “Set/Reset” switching, a short period of set-
tling time (phases A and C) is required before the data is 
acquired. 

3. PRE-FLIGHT CALIBRATION

As illustrated in Fig. 4, there are various sources that 
can introduce errors to the measurement values of MRM. 
These include an inherent cross-axis effect (Kubík et al. 
2006; Včelák et al. 2006), a bridge offset of the sensor, cir-
cuit offset of signal amplification and acquirement, residual 
magnetic field of module board and chassis (so called mod-
ule-level local bias, MLB), misalignment and gain scaling 
factor of non-identical sensor axes, and a temperature de-
pendent gain scaling factor. These errors must be calibrated 
before the magnetometer is installed in the satellite. In this 
section, we briefly describe the errors involved on the way 
of generating instrumental signals. Since the magnetic field 
data will be derived from these output signals, we propose a 

calibration method to compensate for these errors in the raw 
data provided by an AMR measuring system. 

3.1 Mathematical Model

The process of converting an ambient magnetic field 
vector B = [b1 b2 b3] in an orthogonal frame system (OFS) 
into tri-axial signals S = [s1 s2 s3] in an instrument reference 
frame system (IRFS) under AMR sensors’ Set-state and 
Reset-state can be separately modelled as follows (Caruso 
2003):
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ing from the cross-axis effect. Vector BMLB = [v1 v2 v3] is the 
module-level local bias, and vector D = [d1 d2 d3] is a com-
bination of the circuit offset and bridge offset. Applying the 
“Set/Reset” mechanism as mentioned in section 2.3, we can 
eliminate the deviations of measurements due to cross-axis 
effect, bridge offset and circuit offset by subtracting Eq. (2) 
from Eq. (1), and obtain 

S S B B T T B B T2SET RESET MLB SET RESET MLB S- = + - = +^ ^ ^h h h      (3)

The original magnetic field vector B can be derived from raw 
data by re-arranging Eq. (3) into the measurement model:

Fig. 2. Functional block diagram (only one axis is shown here).

Fig. 3. Four phases of control are timed through one cycle of mea-
surement: (A) settling time after the switch to Set-state, (B) signal in 
Set-state is ready for measuring, (C) settling time after the switch to 
Reset-state, (D) signal in Reset-state is ready for measuring.
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The transform matrix A contains information with re-

gard to misalignments and gains scaling factors when re-
constructing magnetic field B from IRFS to OFS. The vec-
tor u is a modifier of module-level local bias (MLB). For 
each magnetometer, its parameters of matrix A and vector u 
will be calibrated by known magnetic test fields according 
to the procedure described in the next section. 

3.2 Calibration Method

In the calibration process, we need to find a set of pa-
rameters for the measurement model [Eq. (4)] whose esti-
mates of the test fields match the known test settings the 
best. Then, the calibrated measurement model may be ap-
plied to derive the measurement of an unknown field in-
flight. 

We apply a set of magnetic test fields {Bi, i = 1,..., n} 
to the MRM under calibration to obtain its corresponding 
signal data {mi}. The best set of parameters which would 
estimate B based on m over the full dynamic range would be 
the one minimizing the sum R of the squares of the estima-
tion mismatches as shown in Eq. (5).
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Since the measurement model in Eq. (4) is linear (in param-
eters), the best parameter set can be obtained by solving the 
multi linear regression fit with the following formula,
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To calibrate, we first use a magnetic chamber to gener-
ate a test field set {Bi} as a measurement reference set and 
record their corresponding measurement data pairs {SSET(i), 
SRESET(i)}. Then, we organize these references and measure-
ment data into matrices Y and X in Eq. (6) to obtain the 
calibration parameters in matrix A and vector u from the 
solution matrix Φ. To obtain a good estimation on A and u, 
the set of test field values, {Bi} should cover the full dynam-
ic range of the sensor measurement with independent axes 
variations as shown in the first panel of Figs. 5 and 6. This 
way, the variation content of 

n 4
X
#

 is rich and its cross covari-
ance matrix 

n

T

n4 4
X X
# #

would not become ill conditioned. 

3.3 Results of Calibration 

Figure 5 shows the raw data of the MRM subjected 
to stepwise magnetic field tests along each axis. The sen-
sor temperature was about 40°C during the experiment. The 
result of calibration is shown in the second panel of Fig. 6, 
the bridge offset, cross-axis effect, circuit offset, module-
level local bias (MLB), misalignment and gain scaling fac-
tor were all properly calibrated. The calibration parameters 
of the flight unit are shown below. 
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The correlation coefficients of the fit (Abdi 2007) for the 
three axes are 1 subtracted by the ratio of the variance of 
residual errors to the total variance of their test field. These 
ratios along the x, y, z axes are 0.000161, 0.000155, and 
0.000162 respectively.

Fig. 4. AMR magnetometer construction and involved errors to be compensated.



The Magneto-Resistive Magnetometer of the BCU on Tatiana-2 321

4. IN-FLIGHT DATA ANALYSIS 

Samples of fully calibrated MRM data are analyzed to 
examine the geomagnetic field structure at a global scale 
and field-aligned current pattern on a scale of a few hun-
dreds km. As discussed in the following paragraphs, the 
in-flight data of MRM did confirm that the NCU built mag-
netometer is reliable and is a qualified instrument for future 
space missions.

4.1 In-Flight Calibration

The Technical Master (TM) magnetometer on the Tati-
ana-2 is a calibrated vector magnetometer under the satellite 
bus coordinates (SBC). Although the available downlink 
rate of TM data is only one vector per minute, it’s sufficient 
to be a reference of in-flight calibration of the MRM. Since 
there are orientation differences and also scaling factor 
modification and offsets caused by the satellite body when 

Fig. 5. Stepwise magnetic test field is shown in the first panel and the corresponding raw data of MRM are shown in the second panel where the 
solid and dotted lines correspond to data in Set and Reset states respectively. The magnetic field in each axis is exerted along x, z, y axes of the OFS 
independently in time durations of 400 to 3400, 3700 to 6700, and 7000 to 10000 respectively. There are 19 test steps along each axis. Obviously, 
there exist offsets, unbalanced gains and misalignments among axes in the raw data.
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MRM was installed onto the satellite, the relation between 
TM data BTM and MRM data BMRM can be expressed as the 
following equation: 

B B B TTM MRM SLB R 1f= - +^ h         (8)

Here BSLB is the satellite-caused local bias (SLB), TR is the 
rotation matrix with respect to TM, while ε1 is the residual 

variation of the in-flight calibration. Notice that: ε1 includes 
the variance and the calibration residuals of the TM mag-
netometer which should have a much senior space flight 
heritage. Applying the least-square method to calculate the 
parameters: 
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Fig. 6. After pre-flight calibration, the calibrated MRM measurement is shown in the second panel, which matches very well the test field set by 
the Helmholtz chamber. The STD of the linearity error over the range of -0.5 to +0.5 Gauss along the x, y and z axes are 25, 26, and 23 nT respec-
tively. 
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Fig. 7. The match between the MRM data (black line), Tatiana-2 TM data (red line) and MRM data calibrated by Tatiana-2 TM data with satellite-
level local bias removed (blue line). The top panel is Bx: the horizontal right component, the second panel By: the nadir direction, and the third panel 
Bz: the ram direction. The dotted lines around 0 nT in the first, second and third panels are the calibration residuals of MRM by TM. The in-flight 
sensor temperature is rather stable as shown in the last panel. 

Figure 7 shows three types of data lines on 18 January 
2010, of MRM data, TM data and MRM data calibrated by 
TM data in the SBC as the geomagnetic fields were mea-
sured. There exists a large satellite-caused local bias in the 
z-axis of MRM (in ram direction of satellite). Otherwise, it 
could be concluded that MRM data are in good consistence 
with the TM data. Since MRM benefits from the thermal 
insulation blanket, the shadowing of the solar panel, and the 
heat conduction contact with the satellite, the sensors are 
kept at a stable temperature around 40°C during operation 
as shown in the last panel of the figure. Hence we needn’t 
put too much effort to calibrate temperature drift. 

4.2 Trending Verification of MRM In-Flight Measurement

The validity of MRM in-flight data can be verified 
by checking the consistency between its trending with the 
dominant features of the geomagnetic field. The strength of 
the vertical magnetic component is the strongest when the 
satellite flies cross polar areas (downward in the northern 

polar region and upward in the southern polar region) while 
it is the weakest when satellite passes through the equator. 
The vertical data component shown in red in Fig. 8 reveals 
this feature vividly. The validation of the MRM in-flight 
data with the IGRF model (WDC for Geomag 2010) is also 
provided in a companion paper by Jiang et al. (2012). 

4.3 Feature of Field Aligned Current

The fully calibrated MRM data are analyzed to ex-
amine the magnetic field disturbances generated by field 
aligned currents. Figure 9 presents a case of simultaneous 
observations of the magnetic field and floating potential, 
respectively, by the MRM and ETP of the BCU payload on 
a geomagneticly quiet day of 18 January 2010. The MRM 
data were detrended first by removing their base line ob-
tained by 160 data point (~500 km) smoothing. The de-
trended MRM data are shown in the second panel of Fig. 9;  
there are apparent out of ordinary variations in ΔBeast and 
ΔBnorth when the satellite travelled north bound in the dark 
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around 20 to 19 magnetic local time (MLT) from about 74° 
magnetic latitude (MLAT) to 77° MLAT through the nomi-
nal auroral region. The corresponding field-aligned current 
(FAC) density can be calculated by the Ampere’s law (In 
the ionosphere the displacement current can be discounted): 
J B1

0

#d
n

= ^ h. 
At high latitude, the geomagnetic field direction is 

nearly parallel (or anti-parallel) to the geographic vertical 
direction, thus field aligned current density (J// ) can be 
derived from the horizontal B  field components along the  

satellite path as:
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Based upon Eq. (10), we can identify the downward 
FAC in the region where ΔBeast increases with increasing 
northward distance (i.e., positive slope) and ΔBnorth decreas-
es with increasing eastward distance (i.e., negative slope), 
while the upward FAC in the region where the signs of the 

Fig. 8. The MRM in-flight data components in geographic East-North-Upward coordinate (ENU) and their corresponding orbital information, which 
are generated by “TrakStar” (Kelso 2007) according to the time tags of in-flight data.

Fig. 9. Detrended MRM waveform featuring the field-aligned current.
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corresponding differential terms are reversed. These current 
sheets are depicted in the bottom panel of Fig. 9. As shown 
in the panel, the steepest slopes were found at the latitudes 
adjacent to 75° MLAT with upward field aligned current 
located at higher latitudes. 

Simultaneous floating potential (Vf) measurements by 
ETP under the three applied sine wave voltages (0, 0.25, 
0.5 V) are plotted at the top panel of Fig. 9 for comparison. 
It is noticeable in the figure that highly fluctuating Vf pat-
terns are observed in the regions co-located with the FAC 
distributions. Previous observations have suggested that 
high energy charged particles of magnetospheric origin can 
play a dominant role in the current balance to the space-
craft (or the surface of a probe) in the dark high-latitude 
ionosphere (e.g., Yeh and Gussenhoven 1987). Since the 
floating potential is determined on the basis of the current 
balance condition at ETP, fluctuating floating potentials are 
expected in the environment of thermal plasma mixing with 
energetic particles that carry field aligned currents. Thus the 
ETP observations provide further evidence of the existence 
of field aligned currents in the regions identified from the 
MRM measurements.

By means of Eq. (10), we further calculate the inten-
sities of these field aligned currents. The result indicates 
that the maxima current density is about 2 and 3 μA m-2, 
respectively, for downward and upward currents. These 
magnitudes are within the typical range of FAC observed 
by other satellites (e.g., Iijima and Potemra 1982; Elphic et 
al. 2001).

5. CONCLUSIONS

With properly designed control sequence and the im-
plementation of a “Set/Reset” magnetizing procedure to 
compensate the offset of the sensor, the MRM is able to 
provide good quality data. Even though the MRM on Ta-
tiana-2 is subjected to a magnetic bias of 0.146 Gauss, its 
measurement can be successfully calibrated to that of the 
main TM magnetometer of Tatiana-2. Despite the MRM 
was sampled at only 2.2 Hz due to a limited downlink bud-
get for the BCU, the phenomenon of field-aligned current at 
high latitudes is observed by the detection of the magnetic 
field disturbances perpendicular to the current. The mea-
sured current density is about 2 ~ 3 μA m-2. It proves that the 
MRM and its supporting payload system are space qualified 
to survive at least 4 months for the detection of magnetic 
field variations with expected magnitude and spatial extent 
typically induced by the field-aligned currents. 

On the basis of the successful observation of the field-
aligned current, we have more confidence in optimizing 
the performance of the MRM to detect the space weather 
events characterized by smaller and/or faster magnetic field 
changes. In addition, to improve the MRM for a higher sam-
pling rate and resolution, there are other desirable issues for 

improvement, such as a smaller size and lighter weight. We 
also plan to separate the size-reduced AMR sensor head 
from the main electrical circuits for remote deployment so 
the further sensitized sensor head can be free from minute 
disturbances caused by the magnetic fields generated inside 
the payload and other satellite subsystems. 
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