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Abstract. We present a hybrid tri-axes magnetometer designed to measure weak magnetic fields in space from
DC (direct current) up to a few kHz with a better sensitivity than fluxgate magnetometers at frequencies above a
few Hz. This magnetometer combines a wire-wound ferromagnetic ribbon and a classical induction sensor. The
nature of the wire-wound ferromagnetic ribbon sensor, giant magneto-impedance or magneto-inductance, is
discussed. New configurations of wire-wound ferromagnetic ribbon sensors based on closed magnetic circuits
are suggested and the hybrid sensor is described. The electronic conditioning of the wire-wound ribbon makes
use of an alternating bias field to cancel thEset and linearize the output. Finally we summarize the rnain
performances of the hybrid magnetometer and we discuss its advantages and drawbacks. A prototype has
been built and was part of the scientific payload of the NASA rocket experiment CHARM-II (Correlation

of High Frequency and Auroral Roar Measurements) launched in the auroral ionosphere. Unfortunately the
launch campaign ended without any noticeable magnetic event and the rocket was eventually launched on
16 February 2010, through a very quiescent arc in the magnetic cusp and no wave activity was detected at
frequencies observable by the hybrid magnetometer.

1 Introduction tained using a kind of giant magneto-impedance (GMI). The
GMI effect is the large variation of the AC impedance of
The hybrid magnetometer aims to cover a frequency range magnetic conductor with an applied DC or ultra-low fre-
of magnetic field measurement from DC up to a few kHz quency magnetic field. It has been evidenced in ferromag
for plasma waves study in space and especially the investiganetic wires byHarrison et al(1936), in microwires byPan-
tion of the Langmuir and upper hybrid waves in the auroralina and Mohri1994 andPanina et al(1994), in ribbons and
ionosphere$amara et 812004 in the context of the NASA  sandwiches byHika et al.(1996, Panina et al(1994 and
rocket CHARM:-II (Correlation of High Frequency and Au- Morikawa et al.(1997), and more recently in transverse or
roral Roar Measurements). This magnetometer extends thngitudinal wire-wound ferromagnetic ribbons bputous-
magnetic field measurement of the induction sensor to theamy et al(2009. Sensors making use of the GMfect are
low frequencies € 1Hz) in order to ensure a redundancy characterized by their robustness, small mass and high sen
with fluxgate magnetometers which are onboard rockets andvity to weak magnetic fields which make them suitable for
spacecraft for plasma wave studies. The ultimate objective isnany applications. The ambient magnetic field to be mea
to reach a noise equivalent magnetic induction comparablegured modifies the dynamic magnetization of the magneti
to the one of the fluxgate used in space experiments (abouhaterial through its magnetic susceptibility tensor. At high
5pT Hz VHz at 1 Hz for Oersted magnetometer frétika et frequency the modification of susceptibility due to the mag-
al., 1999. This novel hybrid sensor combines induction sen- netic field is accompanied by a skin depth change resultin
sor and a magneto-impedance sensor and covers magneii¢ a strong impedance variation.
field measurement from DC up to 20 kHz. In this paper we
will focus on the DC part of the hybrid sensor which is ob-
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138 C. Caillot et al.: On-board hybrid magnetometer of NASA Charm-II rocket

2 Principle of the wire-wound ferromagnetic ribbon Ferromagnetic ribbons

magnetic sensor — =

2.1 Discussion about the nature of the wire-wound sl
ferromagnetic ribbon sensor: magneto-inductance or Copper ribbon
giant magneto-impedance?

' ' ' ' Figure 1. Current density distribution inside the middle half cross
The skin dfect is usually invoked to explain the GMifect section of a ferr@wopperferro sandwich at 1 MHz (blue to yellow
but, in fact, the skin #ect in sandwich GMI is more com- corresponds to a ratio on the current density magnitude from 1 to
plicated than usually thought due to the lateral skifeet 4).
which occurs first in the copper conductor as described by
Belevitch(1971). Simulation results in the middle section of
a ferrgcoppefferro sandwich, presented in Fig. 1, illustrates
the lateral skin ffect at 1 MHz on the cross section of an in- . 1
finite copper ribbon (width= 200um, thickness= 20pm); W = Ksin? 0= poH - M - SHoHa-M (3)
the current density is expelled from the centre of the conduc-, . : L
tor to the lateral edges of the ribbon. However the skin ef—K Is the anisotropy constartt, the demagnetizing field, and

) g o the vacuum permeability. The resolution of these equa-
fectin a ferromagnetic ribbon occurs as expected (the curre . . . : ;

L ' . S . tions is beyond the scope of this article but is detailed for
density is confined into the skin thickness) when the relative

L . . ferromagnetic ribbons iMoutoussamy2009); it allows one
permeability IS sfﬁmgntly large, due to the edgefect dis- to compute the susceptibility tensptinking the fluctuation
cussed byGarcia-Arribas et al(2008. Nevertheless the real m of the magnetization to the driving magnetic fidigl, at
GMI sandwich exhibits a poor current conduction between ulsatione ¢
the copper ribbon and the magnetic material ribbons. The’ exe
current flowing through the ferromagnetic ribbon is negligi- M= yhexc )
ble, this experimental fact has |&étbutoussamy et a(2009
to implement an excitation by coils. However it should be no-  In the case of a ferromagnetic ribbon, the susceptibility
ticed that the magnetic field radiated by the current flowingtensor will have the following components in the y plane
through the copper ribbon generates eddy currents inside theefined in Fig2:
ferromagnetic ribbon, these are neglected in this article.

Let us now examine theffect of an external magnetic field , — Xoo(H, wexd)  xxy(H, wexo) _ (5)
on the magnetization of the ferromagnetic ribbon. When a Xyx(H,wex))  xyy(H, wexd)
magnetic fieldH is applied to a ferromagnetic ribbon, as
shqwn n F'gz.’ the mag_n.etlz_atloM » hich m?‘kes an angle tensor upon the ambient magnetic fiéldgives rise to a pos-
6 with thexa>§|s, is modified in two ways, by its rotation a”‘? sible measurement of the magnetic field, as demonstrated by
through the displacement of the domain walls. When Cons'd'l\/loutoussamy et al(2009, even if there is no skinféect
ering only the rotation of the magnetization the susceptibility, . - 1he frequency of the excitation current is as low as a
tensor is obtained by solving the Landau—Lifschitz—GiIbertfeW kHz. The current excitation at high frequency used in
(LLG) equation governing the evolution of the magnetiza- classical GMI discussed byanina and Mohr{1994 and

tion M: Hika et al.(1996 allows the onset of the skinffect which
dM M dM enhances the impedance variation caused by the susceptibil-
e —YtoM X Hest o X g (1) ity variation. The ferromagnetic ribbon of the hybrid sensor

S is made of Ultraperm manufactured BAC (2002, a high

the damping, anils is the saturated magnetization. The use @nd is supplied at a frequency higher than 10kHz. At this
of the LLG equation is based on the hypothesis of a sin-frequency the skin depth of the ribbon is much smaller than

domain. depth that will be modified by the magnetic field.

The efective magnetic fieldH o is derived, accordingly Moreover, by considering the frequency regime distinction
to Eq. @), by minimizing the free energy, defined by Eg),(  Petween magneto-inductance and GMI in ferromagnetic wire
which is the sum of the magneto-crystalline anisotropic en-Proposed byPanina et al(1994), the wire-wound ferromag-

theless the use of a winding appears as an alternative way to

1 oW enhance the susceptibility variation caused by the magnetic
eff = _')’,UOMS% @) field. The diagonal components of the susceptibility tensor

The dependency of each component of the susceptibility
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Figure 2. Transversga) and longitudinal(b) wire-wound ferro- 150
magnetic ribbon constituting the magnetic sensor under the ambient 100 -

magnetic field ). 50 Ll ) ' .

sop | 100 1500 00

are involved in the transverse and longitudinal wire-wound Sf,(,?h_'mfwm}_] o e T
ferromagnetic ribbons constituting the magnetic sensor (cf. e |
Fig. 2a, b) meanwhile its ff-diagonal components are in- 011 — SLOms/(A/m)) 20kHE

. . R . . — 81 {(Ohms{A/m)) 30kHz
volved in GMIs using a pickup coil and nameff-diagonal T
in Malatek and Kraug2010. It should be noted that one or
two ribbons can be used in both cases, transverse or longi- v -
tudinal. The main advantage of using two ferromagnetic rib-
bons is to close the driving magnetic field lines thus allowing """
us to reduce the driving current, but in each case a magneto
impedance fect will occur. Let us notice the availability of
miniaturized commercial magneto-inductive sensors appar- — i
ently similar to the wire-wound transverse GMI with a single 0 30 i 1300
ribbon, although_euzinger and Taylof2010 gave no detail
on their design.

0.08 4+

002 4

AT

Figure 3. Variations with the magnetic fieltl of the modulus of
the impedance (upper frame) and intrinsic sensitivity (lower frame
2.2 Impedance behaviour of the transversal wire-wound of a longitudinal wire-wound magnetic ribbon.
GMI

The coil of the wire-wound GMI sandwich is driven by an ex- . o . .

Citation current e at frequencyfoe. When a magnetic field  bY the following equation if the resistance of the coil can be
H is applied to a transverse wire-wound GMI, the modulus of "eglected:

the impedanc¢Z(H, fex)| starts to increase smoothly before
reaching a maximum and then starts to decrease asympto
cally to zero as shown in Fi®a. The intrinsic sensitivity of
the magnetic sensor defined by

NZSribbon,Uapp(H, U)exc)

t|I2(H,(Uexc)| = Wexc Lo
ribbon

: @)

whereS;ipnon is the section of the ferromagnetic ribbdyon

= w (6) its length, anduap(H, wexc) is the apparent permeability of

oH the ribbon along the direction which can be derived from
is plotted in Fig.3b. The value of the applied magnetic field COMPONeNkx(H, wexc) of the susceptibility tensor (E§) as
corresponding to the largest negative SIOpEZOH, fex)l, .. the external magnetic field to be measured and the excitatig
to the maximal intrinsic sensitivity, is close to the anisotropy Magnetic field are both aligned with The susceptibility xx
magnetic fieldHay resulting from a combination between is assumed to be c_om_plex in order to take into account losse
the magneto-crystalline and shape anisotropdeutous- " the ferromagnetic ribbon.
samy 2009 of the ferromagnetic ribbon, where the shape
anisotropy dominates because of the advantageous shape ra (H, wexd) = XoodH, wexd) =1 ®)
tio of the ribbon. PR 1+ Ny o H, wexe)

S

The apparent permeabilify,,, depends upon the suscep-
tibility yxx but also on the shape of the ferromagnetic ribbon
Let us consider a single ferromagnetic ribbon wound By a through its demagnetizing factdk, in the sensing direction.
turns coil. When the coil is driven by a currei); at pulsa-  Exact calculations of magnetometric demagnetizing factor
tion wexc, the impedance modulus can be roughly expresseaf ribbons are given byAharoni(1998.

2.3 Elements of impedance modelling
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ih Wire-wound
ferromagnetic ribbon
1— .
HExc Aluminium tube
HBlAS( Hexc Ferrite core
q— Heias Winding of induction
lexc ¢ sensor

a)

c)

Figure 4. RacetracKa) and cylindrical(b) wire-wound ferromagnetic coréc) Hybrid sensor: induction sensor and wire-wound GMI inside
an aluminium tube.

2.4 Intrinsic sensitivity 3 Wire-wound GMI ribbon for hybrid sensor design

The full expression of the impedance requires a cumber-N f‘ i f Wi 4 GMI based
some analysis to design the sensor, neverthéastous- ew configuralions of wire-woun Sensors based on

samy et al(2007 have made a linear analysis by consid- closed magnetic circuits, pr.esented in Fg.and b, redgce.
ering the magnetic field to be measuré®l s a small fluc- the leakage of the magnetic flux created by the excitation
tuation around a magnetic field bigs= Hyae The optimal current. This aspect is of great importance in order to com-

value of intrinsic sensitivity is obtained Whefhyas = Han bine the GMI sensor with a search coil. The GMI in FHa.

Thus the impedance modulus, which is a function of both theremlnds the classical racetrack fluxgate remindeRipka

bias magnetic field and the magnetic field to be measimed ( (20036 V\;]h"e tk;? GMI in Fig..4b3bvt\)/hich ﬁogsists oga wirel;
can be expressed by the equation below. wound sheet of ferromagnetic ribbon rolled around to make a

cylindrical mut, reminds the orthogonal fluxgate studied by

0|1Z(H, fexd)l ( i ire-
1IZ((H + 1), faxd)] = 1Z(Hbias fexd)] + (H, fexo) - Paperng et aKZQOQ even if the wire woun(_j GMI dogs not
oH use a pickup coil since the measurement is done directly on
) the driving coil. Moreover the ferromagnetic material is not
xhsin(wt) ©)

driven at saturation. Even if these “closed magnetic path con-
The optimal intrinsic sensitivity, (&t = Hpiag), defined by figurations” exhibit interesting properties, the transverse con-
figuration of GMl illustrated in Fig2a has been preferred for

= wm:mm (10) the rocket instrument due to its simplicity of manufacturing.
oH The transverse wire-wound GMI sensor used for the experi-

has been used byloutoussamy et al2007) andDumay et  ment had 100 turns both for excitation and bias coils, the rib-

al. (2012 to characterize the ability of the GMI sensor to bon made of Fe-Ni alloy (Ultraperm manufacturedVAC,

measure a weak magnetic field, it can be expressed as follow®002 had a length of 120 mm, a width equal to 4 mm, and

S

by combining Egs.®) and (0): a thickness of 4Qm. The excitation coil was wound around
N2Sipp0n OapelHs Texd) one of the two ribbons, while the bias coil surrounded the
S| = wexc ribbon #1app > Texc [H=Hyjps - (12) two ribbons.

lriobon oH In the transverse wire-wound configuration with a closed
It results from the partial derivative of the apparent per- magnetic path, the excitation and bias driving current will
meability with respect tdH that the lower the demagnetiz- create an AC magnetic field. This magnetic field will have
ing factor is, the higher the sensitivity that will be achieved. leakages flux which are reduced by the addition of an alu-
This basic fact explains why most of th&ieient GMI sen-  minium tube of 1mm thickness since the eddy current gener-
sors reported in the literature exhibit advantageous demagated by the AC magnetic field expels the magnetic field out-
netizing factors due to a large lengtitiameter ratio. The de- side the tube (thisfeect is stronger at frequencies for which
sign of a GMI sensor, looking for the best material and shapehe skin depth is comparable to the thickness of the tube).
of the ferromagnetic ribbon, and the optimal parametlrs ( Finally, the GMI sensor surrounded by an aluminium tube
lexer Wexar Hbiag) tO get the maximal intrinsic sensitivity, is is inserted inside a hollow ferrite magnetic core on which
an experimental task as emphasizedigutoussamy et al.  the induction sensor (also known as search coil) is built as
(2009. shown in Fig4c. Thus, the AC magnetic field expelled from
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the aluminium tube (120 mm length, 6 mm internal diameterwhile the dfset value (corresponding A¢{H)) will be easily
and 7.95 mm external diameter) is caught by the surroundsuppressed. It should be noticed that the phase of demog-
ing ferrite core of the induction sensdrymanskj 2007and ulation at fexc should be adjusted experimentally to get the
Coillot and Leroy 2012. The ferromagnetic core of the in- maximum sensitivity. For wire-wound GMI supplied at low
duction sensor is a hollow tube made of a high permeabil-frequency, through the voltage source in series with the re
ity Mn-Zn ferrite (u > 2500) having a length of 50mm, sistanceRs(cf. Fig. 5), the demodulation in phase with the
an internal diameter of 8 mm, and an external diameter ofinductive part is optimum. A schematic explanation of the
10mm. The winding consists of 9600 turns of a copperelectronic principle that is used to cancel th&set is pre-
wire having a diameter equal to @t in order to fulfill sented in Figb.
the detection requirement of in situ electromagnetic waves The demodulation is realized using multipliers based on a
specified by a noise equivalent magnetic induction (NEMI) switch matrix (cf. Fig.5). A switch matrix, based on DG419
lower than 100fTVHz at few kHz. The induction sensor switches, is used to multiply the signal g with low added
was combined with a low-noise feedback flux preamplifier noise thanks to their extremely loRpson. This way of de-
(voltage and current input noise were respectively 5viNz modulating is more ficient in terms of power consump-
and 100 fA VHz) to achieve the required NEMI. The low- tion than demodulation using analog multipliers (for low-
noise amplifier implemented for the experiment was simi- noise multipliers, like AD835, current consumption is about
lar to the one described t§eran and Fergeg@2005, mak- 16 mA). One can notice that demodulation using peak deteq
ing use of a dual JFET transistor type LS-U404 from Lineartor, used byDumay et al(2012), offers also anfécient way
Systems. A usual flux feedback, see for exanfdean and to demodulate the GMI signal even if it is not applicable to
Fergeau(2005 or Coillot and Leroy(2012, uses the out- the GMI with alternating bias. We will now expose the prin-
put of the low-noise amplifier to generate a flux opposite tociple of this electronic conditioning. For this purpose, we will
the measured one in order to flatten the transfer function. ltonsider only the fundamental of the bias magnetic field. I
has been checked experimentally that the internal aluminiunwe examine the GMI voltage after the primary amplification
tube does not increase the NEMI of the induction sensor(Al) in the frequency domain (Fig. 6), it appears that the sig
above the specified level of 100/fVHz. nal (h) is twice modulated arountly. = fnias While the dfset
remains atfeyc.

Then, after a first demodulation & (with an optimal
phase dference with excitation current determined experi-

Let us consider a bias fieldyias applied to the ferromagnetic mentally) the é@set signal is moved at null frequency while
ribbon. Accordingly to Eq.9) the output voltage of the wire-  the signal () is moved aroundyias (cf. Fig. 7).

wound transverse GMI supplied with a currégt is written Next the diset is removed using simple high-pass filtering
(Fig. 8) and finally the signal is moved in its original band

(Fig. 9) thanks to the demodulation ft.s
Vomi = —[IZ(Hpias)| + Si(Hbiag) hsin(wt)] lexcSin(exd) (12) Surprisingly, this fset cancellation technique seems very

. ] o similar to the one used b8asadg2002 for fluxgate in or-
The implemented signal conditioning takes advantage Ofthogonal mode.

the symmetry of the modulus of the impedani@;-H)| =
|Z(H)|. For two opposite bias fields-Hyi,s the dfsets
Z(+Hpiag) lexcCOSWexdt) are equal meanwhile the slopes g Hybrid magnetometer performances
Si(xHpiag) are opposite. If the bias field is modulated at a
bias frequencyfyias then the magnetic fieltisin(wt) to be  The characterization in terms of intrinsic sensitivity has beer
measured is modulated twice: at the excitation frequency;chieved for the GMI part of each hybrid sensor (Figa)
and at the bias frequency (plus bias harmonics) while the, order to find the best compromise between a high sens
impedance will not be modulated by the bias field: We C_hosetivity S, a high dynamic range and a low current consumpA
fexc = 100 kHz andfhias = 100 Hz. If we assume a sinusoidal o, |n order to determine the minimum dynamic range in
waveform of the excitatiohexc at fexc and a square waveform - ihe Earth’'s magnetic field, characterizationsSphave been
of the bias field, the voltage of the GMI can be written done in 3 directions (FiglOa): parallel to Earth’s magnetic
Vo = (loxe COS@ard)) field, anti-parallel and orthogonal. This explains the shift of
GMI = Ulexc exc the curves around the centerSdcurve which corresponds
to orthogonal position. The electronic conditioning, which
includes an fiset cancellation techniquefers an intrinsic
linearization, demonstrated in FifjOb. The linearity range,
approximatively+25uT would be significantly improved by
Consequently, the magnetic field signa) can be re- using a flux feedback. The transfer function (Flgc) ob-
trieved by using a double demodulation at béth and fyias tained for the GMI part of the hybrid sensor (picture label in

4 Signal conditioning principle

x| (Z(Hpiag) + i Si(H) x hsin(wt)% coSKwpiad) |- (13)
k
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High pass filter Low pass filter
INA128 (fc=10Hz) TLE2021 (fc=20Hz)  TLE2021
A1=14dB A2=12dB A3=30dB
lexc X
— X otechar = —»—{>Vom
Mgmn vamiz |7 X | vamia %

W|rer:ncI:und (@ foxc) Fbias=Fexc/N (@ foias)

Vexc =
(@ fexc) Tam|

tbleg Switch Matrix (DG419)

Figure 5. Signal conditioning principle.

Vgmil Vegmi3
Al*Z(H)*lexec[- — — — — — —
Al18Z : bZ(H
T om h()*lexc AEI %'*hm*[cxc—— --
f
Fexc Fexc Fexc Fexe Fexc
-Fbias -Fbias +Fbias +Fbias .
-f +f -f +f 7 3 i
Fbias Fbias
Figure 6. Frequency domain of GMI signal (Vgmil) after amplifi- -f +f
cation Al.
Figure 8. Frequency domain of GMI signal (Vgmi3) after high-
pass filter.
Vegmi2
A1*Z(H)*Iexc ——L Vout(h)
k
Al &
3 —Zég)"‘ h(f)*lexc |—-- SZ(H)
Al*A2% ——"*h(f)*lexc -——
oH
- L f
Fbias Fbias f(Hz)

Figure 7. Frequency domain of GMI signal (Vgmi2) after multipli-

cation by clock affeyc.
y e Figure 9. Frequency domain of GMI signal (Vgmi4) after multi-

plication by clock atfyias, amplification A2) and low-pass filtering.

Fig. 10), using the electronic principle described previously,

exhibits a constant gain from DC up to 20 Hz. The NEMI of

the GMI part (green plot in Figlod) is about 600 pTvVHz reaches 100fWHz at 4kHz. Concerning the GMI part,
at 1 Hz, far from the best fluxgate one, mentionedigka  many possibilities of improvement have to be investigated,
(2003, while the NEMI for the inductive part of the hybrid some of them could be inspired frobumay et al.(2012);
sensor when the GMI is switched OFF (blue plot in Aigd) namely, turn number, increase of excitation frequency and

J. Sens. Sens. Syst., 2, 137-145, 2013 WWW.j-sens-sens-syst.net/2/137/2013/
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= 2
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S
Q
0,06 0.04 0.02 0 0.02 0.04 0.06 = 3
a) Gurent bias (4] b] B (uT)
g Transfer Function of X, ¥ and Z axis wounded GNMI E.08 NEMI in (Trsqet(He)y
= FT GMI X i = wire round GMI of X axis
W - FTGMI Y] | gao | — Induction Sensor (G is OFF)

FT GMI 2

Freq (Hz) rn-.m.'-:..-_\ {Hz)

Figure 10. (a) Performances of the tri-axes hybrid magnetometer. The intrinsic sensBivitgas been measured when the sensor axis ig
perpendicular to an external DC magnetic field (black curve) and when it is either parallel or anti-parallel (yellow and magenta cur
more precisely 20lod)) is plotted in framga), frame(b) demonstrates the linearity of the sensor with respect to the external DC magne
field, frame(c) shows the transfer functions 20log(Gain), Gain being measuréchifi, frame(d) is a plot of the noise equivalent magnetic
induction in T VHz between 0.3 and 50 Hz (in green) for the GMI part (the peak at 50 Hz being due to the network power supply)
between 10 Hz and 50 kHz (in blue) for the induction sensor part.

input voltage noise reduction. The induction sensor part ofTable 1. Performance of the tri-axes hybrid magnetometer combin-
the hybrid sensor becomes more sensitive than the GMI sering a search coil and a wire-wound GMI.
sor from a few Hz. One should notice an interesting property

of the electronic principle which is the intrinsic linearization Frequency range DC-20 kHz

of thg pt_Jtput voltage Qesp_ite a strong variation of the intrinsic Sensitivity 200 kV TL

sensitivity aroupd a bias field value. Th_ank; to_the symmetry | inearity range +25,T

of Sy curves (Fig.10a) and the alternating biasing, the vari- NEMI (1 Hz) 600 p7 VHz

ation of S; due to the shift of the positive bias field when NEMI (4 kHz) 100 7 VHz

H field is measured is compensated by an opposite variation  power consumption 500 mW

of S, for the negative bias field. Concerning the induction Mass (preamplifier box) 550 gr

sensor it should be noticed that the strong signature of the  Mass (sensors) 500 gr

alternating bias of the wire-wound GMI sensor remains at  Size (tri-axis sensors) 120 mrrl20 mmx 120 mm

the fundamental of bias magnetic fielf§i{s= 100 Hz) but it
does not fect too much the induction sensor transfer func-
tion above a few 100 Hz since the reduction of the AC dis-6
turbance from the wire-wound GMI is mordfieient when
frequency increases thanks to the aluminium tube which act
as a high-pass filter magnetic shielding. However the induc
tion sensor NEMI was worst in the presence of the GMI be-
cause of residual disturbing fields (mainly lines at the bias.
field harmonics frequencies). The way to reduce it would be
to increase bias frequency out of the induction sensor fre
quency range. The performance of the hybrid magnetomet
is summarized in Table 1.

Instrument and measurement discussion

Yhe NASA sounding rocket CHARM-II was launched suc-
cessfully from Poker Flat, Alaska, on 16 February 2010. Fig-
ure 11 shows the launch of the rocket, where the green ligh
in the lower right is a wonderful aurora borealis. The proto-
type embedded in the scientific payload has operated nom
enaIIy. The measured DC magnetic field from the wire-wound
GMI has been used to reconstruct the magnetic field ling

along the rocket trajectory. The measured magnetic field lin
fits well with the computed Earth magnetic field (using the

WWW.j-sens-sens-syst.net/2/137/2013/
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