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Abstract. Induction sensors are used in a wide range of scientific and industrial applications. One way to
improve these is rigorous modelling of the sensor combined with a low voltage and current input noise pream-
plifier aiming to optimize the whole induction magnetometer. In this paper, we explore another way, which
consists in the use of original ferromagnetic core shapes of induction sensors, which bring substantial improve-
ments. These new configurations are the cubic, orthogonal and coiled-core induction sensors. For each of them
we give modelling elements and discuss their benefits and drawbacks with respect to a given noise-equivalent
magnetic induction goal. Our discussion is supported by experimental results for the cubic and orthogonal
configurations, while the coiled-core configuration remains open to experimental validation. The transposition
of these induction sensor configurations to other magnetic sensors (fluxgate and giant magneto-impedance) is
an exciting prospect of this work.

1 Introduction able modelling tool to match the measurement requirements.
The main specification of the measurement is usually given
) ) ) ) in terms of noise-equivalent magnetic induction (NEMI in
The function of induction magnetometers is to measure ex-,+/Hz) either at a given frequency or by its spectrum over
tremely weak magnetic fields. Their field of application is 4 frequency range.
very large and covers soil characterization for agriculture |5 previous works authors have focused on physical modt
(Sudduth et a).200)), earthquake survey or magnetotel- gjiing of the induction sensor performances in terms of
luric waves observation, and natural electromagnetic waveg g (Seran and FergeaR005 Korepanov and Pronenko
near the surface of the Earth (lightning observatiddgaki 2010 or low-noise amplifier desigrRhouni 2012 Shimin
et al, 2012, whistlers {ichtenberger et al.2008) or in etal, 2013.
space Roux et al, 2007). In these applications the induc-  The appropriate core and coil parameters can be found b
tion sensors must cover a wide frequency range from milli-reformulating the problem as a mathematical optimization
hertz (mHz), for magnetotelluric observa_tlons, up to mega-proplem Coillot et al, 2007 Yan, 2013. Some analytical
hertz (MHz), for plasma waves observation. In order 10 re-formuylae are proposed in order to dimension the system in
move the resonance of the induction sensor, they are coMyeyy |imited cases. IBrosz and Papern@012, the authors
bined either with a feedback fluSéran and FergeaB003  present the design of a low-frequency induction magnetoms
or a current amplifierRrance et al.2000. The extension ter, their assumption being that the impedance of the coil i
of their frequency range is made possible using two W'”d'simply equal to its resistance.
ings on the same ferromagnetic core separated by a magnetic |, this work we explore new tracks of improvement guided
mutual reducer(oillot et al, 2010, while a relevant solu-  y modifications in the shape of the ferromagnetic core. The
tion, called the dual-resonant search coil, permits combinafirst solution is the cubic induction sensor inspiredtypuis

tion of the two windings into a single on®¢aki et al, 2013. (2003, where the core consists of 12 rods assembled in
The design of such an instrument requires obtaining a reli-
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cubic configuration (which could be extended to an array).

For a given measurement direction the coil is distributed on o a T =

the four edges of the cube. In the following, we will present 2= il

the orthogonal induction sensor, which consists in an helical . e,
g Diabolo core Shapc/

ferromagnetic core which canalizes the magnetic flux. The
magnetic flux through the core turns is then measured by <i"—'igure 1. Diagram of an induction sensor with a diabolo core

coil wound orthogonally to the direction of the external mag- shape.

netic field. This allows for significant reduction of the num-
ber of coil turns and reduction of the resistance of the coil
for a given flux. The third induction sensor is the coiled fer-

concentrators (shown in Fi@). In this work the various fer-

romagnetic wire core, where the core is assumed to be mad@&magnetic core shapes will be linked to the one of the di-

with a coilable ferromagnetic wire.

2 Induction sensor basics

2.1 Elements of the electrical model

Induction sensorsRipka, 2000 Tumanskj 2007) are clas-
sically built with anN-turns coil. According to Lenz’s law,
when the coil is immersed in a magnetic field, a voltage
induced.

The resistance of the coiRf can be approximately com-
puted using the following formula:

(d+N(dw+2t /L)

R=4pN
0 &

: 1)
wherep is the material resistivity (copper or aluminium are
usually preferred) is the internal diameter of the cod,, is
the wire diameter,.,, is the length over which the winding is
distributed and is the thickness of the wire insulator.

abolo cores. In the case of diabolo core shape the apparent
permeability equation becomes

Hr
1+ No) &5 (ur = 1)’

(4)

Mapp-diab=

where N,(m') is the magnetometric demagnetizing five
cient for a cylinder of length-to-diameter ratio’ = L;/D,
while d?/D? represents the surface ratio between the centre
and the end surfaces of the core.

In the case of ferromagnetic core induction sensor, the in-
ductance equation given ifumanski(2007) is recalled here:

b = AN?uq )

,uappS

Le ~
whereS is the ferromagnetic core sectigr, is the vacuum
permeability andt = (L¢/L,)%® is a correction factor pro-
posed inLukoschuq1979.

The voltage dierence between turns and layers is associ-

ated with electrostatic energy storage. This is usually rep
resented by a capacitan€e on the electrokinetic model.

2.2 Transfer function of the induction sensor

Using a ferromagnetic core exhibiting an apparent perme-

The computation of this capacitance depends on the winding,b”ity uapp the induced voltage is expressed (in harmonic
strategy; one can notice that discontinuous winding should bgegime at the pulsation) as

preferred as to avoid parasitic resonanéasil{ot and Leroy
2012.

Optionally, the wire is coiled around a ferromagnetic core,
taking advantage of its magnetic gaBogzorth and Chapin
1942, known as apparent permeability.f)) and given in

Eq. Q):

Hr

Mapp = m, 2

wherey; is the relative permeability an, is the magne-
tometric demagnetizing cfiicient in thez direction. For a
long cylinder core (i.e. length-to-diameter ratin= L./d >
1), the approximation of ellipsoid demagnetizing fimgent
given inOsborn(1945 is valid:

©)

When a “diabolo” core is usedCpillot et al, 2007) the ap-

N,(m) = %(In(Zm) -1).

wherej represents the unit imaginary numkée —1 andB
is the magnetic flux density. The electrokinetic modelling as-
sumes that the induced voltage is in series with the resistance
and the inductance, while the accessible voltageig mea-
sured at the capacitance terminals. Thus, the transmittance
(T(jw)) is given by the following equation:

Y

T(0) =3

B — jwNSuapp
" 1-LCw?+ jRCw’

()

This transmittance exhibits a resonance at pulsatigsa
1/ +/(LC). Beyond the resonance the induced voltage will de-
crease. The very high value of the induced voltage at the reso-
nance frequency can be useful for some applications, while it
should be removed and the transfer function must be flattened
in induction magnetometer applications requiring wide-band

parent permeability is increased thanks to the magnetic fluxmeasurements. This is typically true for applications where
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natural electromagnetic waves are measured, such as earth
quake measurements, whistler observations and space plas
mas. In such applications two kinds of electronic condition-
ers are classically implemented: feedback flux amplifiers or
current amplifiers. In both cases, the transfer function will be
flattened over about 3 te 6 decades.

2.3 Noise-equivalent magnetic induction

Noise-equivalent magnetic induction (NEMI), expressed in

ﬁ, is the relevant quantity to determine the ability of the Figure 2. Cubic induction sensor diagram (left picture) and
magnetometer to measure weak magnetic fields. The NEMP2 ¢ 85 cmx 85 cm prototype (right picture).
is defined as the square root of the total power spectrum
density of the input riéered noise (PSRpuT) related to the

The flux caught by the square area face is distributed be
transfer function modulusT( jw)): dant oy d

ing to the surface ratio. The equation of the apparent per

_|PSDwput meability of the cubic sensoppp-cu) is then obtained as a
NEMI = | ————-, (8) ; . P .
[ T(jw)?| special case of the diabolo core apparent permeability for

mula (given by Eq4) where the demagnetizing daeient is

where equal to% and the surface ratio is?/(4 x nd?/4); this leads
to

PSDvput = 4KT R+ €5, + (Zira)?, ©) iy
Mapp-cu,, = (11)

_ 1)’
wherek is the Boltzmann constanf, is the temperatureZ 1+ Noeyalur = 1) L2

is the impedance and the electronic amplifier noise param- For sufficiently high relative permeability (i.g, > 1 and

eters arespp = 4nV/+/(Hz) andipa < 20 fA_/ V(Hz). _Du<_a to Ny > 1), we can simply write
the low-frequency context, the current noise contribution (i.e.

(Zipa)? < epa) Will be neglected. 3L2

HMapp-cu,, = xd2 (12)
3 Cubic induction sensor The previous formula is ffierent from the one presented
o _ _ in Coillot and Leroy(2012, which is only valid for rods with
3.1 Description of the sensor configuration square sections (despite what is claimed in the article).

The cubic magnetometer proposedDupuis (2003 com- _
bines multiple induction sensors to form a cubic array (a di-3-2 Experimental results

agram and a prototype are shown in Fay. The advantages o prototype cubic induction sensor has been built to eval

claimed by the author are the increase in sensitivity and thg ,ia the modelling of the apparent permeability and the im}

reduction of the self-inductance since the required turn NUMpact on the resonance frequency. The design equations whi
ber can be dispatched between thiéalent edges. The cores |56 peen used are directly derived from the one of the clag
are implemented in such a way that they are not coupled 0Rjc| induction sensors presented above. The design paran]
the magnetic point of view but are connected in series Oy g (1yms number, core diameter, copper wire diameter) hay
the electrical point of view. The sensitivity benefit is related oo, computed to allow the prototype to reach a NEMI valué

to an increase in the apparent permeability. Our current goal|nse to 0.7 pTVHz at 10 Hz. The design parameters of the
is to confirm the behaviour of this original induction sensor prototype are summarized in Tatle

configuration,_briefly presented Moillot :_;md Leroy(2012), The cubic induction sensor prototype (left picture in
thrpugh experimental measuremeqt_s with a protot_ype and.thgig. 2) is a 85 cmx 85 cmx 85 cm cube. A ferrite cube has
validation of the apparent permeability equation with the aimpaan ‘mounted at each corner of the cube to ensure a clos
of comparison to classical induction sensors. _ ferromagnetic path. The ferromagnetic material used for th
The edges of the cubic induction sensor are constituteqgomagnetic parts is B1 ferrite material whose initial rela-

by cylinder ferromagnetic cores of lengthand diameted. e permeability is typically about 2500. The ferromagnetic
Due to the cubic shape, the demagnetizingfiboents are e has been wound in a single direction. In this direction

the same in the three directions: each of the four edges were wound with 8000 turns qfffi0
1 diameter copper coil. Each coil has been connected in seri
Ny =Ny =N, = 3 (10)  from the electrical point of view but in opposition from the
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Table 1. Design parameters of the cubic induction sensor pro- The apparent permeability deduced from the measure-

totype for a NEMI goal: 0.7 py(Hz) at 10 Hz, assuminges = ment (cf. Fig.3) is papp-cub-meas 354, while the numerical
4nV/V(Hz) andipa = 20 fA/ V(HZ). application of Eq. 11) gives a rather close approximation

(tapp-cub= 368), which validates our modelling attempt.

Cylinder core lengthl{; inmm) 85

Core diameterd in mm) 4 3.3 Discussion

Copper wire turnsN per core) 8000 In order to evaluate the benefit of the cubic induction sensor,

Wire diameter @, in mm) 007 we will compare its apparent permeability and inductance to
the one of a cylinder core induction sensor of the same length

Layer number n=4 (L) and diameterd). Under the ellipsoid shape approxima-

winding length (., in mm) 80 tion, its demagnetizing cdigcient is given by Eq.3). Thus

the long cylinder’s apparent permeability (EX).can be writ-

ten (assumingN(m)u, > 1)
1 12

HPP™ N(m) ~ e in(2l) -1

ResistanceRin Q) 1300

Apparent permeabilitypp-cud 354

(13)

Transfer Function of CUBIC Induction Sensors (V/nT)

0.01 - The comparison between the cubic sensor and the usual

induction sensor can be done through the ratio between their

7

G il \ apparent permeability (from Eqs2 and13), which leads to
ya S 'i*\“\ : i 3 L

- B EAN Hor et 2 (1n(2=2) - ). (14)
£ 0.0001 ' Happ 7T d

I\

B This comparison suggests that the cubic induction sensor

0.00001 bl L LU dede L L has a higher apparent permeability than the single rod since
—TF_SC_CUBIC_SigleEdge (V/nT) Lc i H
IF S CUBIC DowbleBdse (V/aT) < > 1. For example, for a.c_/d re_ltlo equal to 10, _the cuplc

o —TF_SC_CUBIC_AllEdges (V/nT) sensor apparent permeability will be about two times higher

10 100 1000 10000 100000 than the one of the Smgle rod.

Frequency (Hz)

Figure 3. Transfer function of the cubic induction sensor: one edge4 Orthogonal induction sensor
(dark blue), two edges (pink) and four edges (orange curve). 4.1 Description of the sensor configuration
In an orthogonal search coil, a helical core (shown in Bjg.
magnetic field point of view in order to cancel the mutual is used to enhance the flux catched by each turn. Because
induction between edges. It results that from a single edgef the two ferromagnetic discs (diamet@) mounted at the

to four edges, an increase in inductance by a ratio of 4 is exends of the helicore (whose total lengttLig, and assuming
pected (instead of 16 when inductances are magnetically cowa high relative permeability«), the external magnetic flux is
pled). The transfer function has been measured in three casesanalized by the ends of the core and driven through each fer-
single edge, double edges and four edges. This shows thabmagnetic core turn. The ferromagnetic turns are assumed
the increase in gain (before the resonance) is proportional téo be square with side.

the edge number and is multiplied by almost 4 from a single To compute the induced voltage, we have to consider the
edge to four edges. The reason why the ratio between fouangle between the normal vector of the coil turn section and
edges and single edges is not precisely equal to 4 could bthe direction of the magnetic field inside the helicore; this
explained by a unbalanced magnetic path (namely the fluxeangle (), called the helix angle, is defined as

seen by each edge are not exactly identical). The resonance

frequency varies weakly (from 3400 Hz for the single edgey = arctar(—).

to 2700 Hz for four edges). This could be related to the fact

that when the edges are connected together, the total indugyhere the pitch of the helicore£B) is determined as
tance increases, while the total capacitance decreases; conse-

guently the resonance frequency does not vary significantlyp;p = ﬂ (16)
This property is of great interest for the design of wide-band n

and compact induction sensors. However, the multiple reswherelL,, is the length of the core on which the copper wire
onance next to the main resonance could make the use @ wound and 2is the average diameter of the ferromagnetic
feedback flux or current amplifiersficult. core helix (cf. Fig4).

(15)
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n turns core + N turns coil

Disc Ends—‘:‘ﬁ? D

Figure 4. Diagram of the orthogonal induction sensor. Figure 5. Picture of the orthogonal induction sensor prototype.

Transfer Function of Induction Sensors (VinT)

For N turns of coil surrounding the core section, the in- 0.01 1
duced voltaged,c) becomes ' i 1

€nc = — jwNMNapp-hBSCcosk), (17) — oo e

whereS is the section of the core turns (equald® and 0.0001 . \5\
Happ-hciS the apparent permeability of the helical ferromag- \
netic core. 0.00001 + Eatl ot G 1L
This apparent permeability is directly derived from the for- :

mula of the diabolo core, given in Eg)( In that caseN,(nT)
is the demagnetizing cfiicient for the cylinder of length- Haxunal _
to-diameter ratiort = L/D and =% is the surface ratio be- v B menesamy oo
tween the square section of the core turns and the end discs’

section of the core. Figure 6. Transfer function of the orthogonal induction sensor

Finally, the sensitivity of the induction sensor, assuming (pink curve) versus that of the BepiColombo sensor (blue curve).
low-frequency operation < wy), is obtained:

—TF_Bepicolombo (V/nT)
— TF Orthogonal (V/nT)

Coni Gne expected sensitivity at 10 Hz is about 2300 Mvhile the ex-
I T(w) = B I~ @NIKappncS COS). (18) pected resistance should be four times lower than the one of
the BepiColombo sensor (cf. Tal# The orthogonal induc-
tion sensor prototype is shown in Fly.It can be noticed that
the coil normal direction is orthogonal to the direction of the
magnetic field.

The advantage of the helicore is that the sensitivity crite-
rion can be met with a small number of turns; the drawback
is the dificulty in winding the core.

The transfer function reported in Fi§.demonstrates that
the orthogonal induction sensor is able t@iciently mea-

The resistance of the coilRf) is a derivation of the
Eqg. (1), while the inductance formula is intuitively obtained:

,uapp-h(,s cosf)
A E—

The NEMI of the orthogonal induction sensor can be esti-
mated using Eq.20).

Ene = ANN)?wo (19)

sure magnetic fields. Its transfer function is compared tg
NEMI \JAKT Ryc + €2, 0 the BepiColombo induction sensor (blue curve), which uses
he = WNNapp nS COS() (20)  many more turns (14000 turns for the BepiColombo one

versus 400 turns for the orthogonal one). The sensitivitie$
at 10 Hz for the BepiColombo and the orthogonal induction|
sensors are 3200 and 1500"\tespectively. The sensitivity

By using the previous set of equations we have determineaf the orthogonal induction sensor prototype is 35 % lower
the number of turns of an orthogonal sensor to get the saméhan the expected one (cf. summary of performances in T4
NEMI as the diabolo core sensor designed within the contexble 2). A gap between the ferromagnetic end discs and th
of the BepiColombo space mission (namely 2 §THz) at helicore part or a small crack in the core is suspected to ex
10 Hz fromCaillot et al, 2010. The following set of design  plain the diference. Since the resistance of the orthogonal
parameters was chosetly, = 140um, L = 100 mm,n = 28, induction sensor prototype is four times lower than that of]
d=3mm, Do =20mm,a=35mm andL,, =90mm. The the BepiColombo one, it implies that the signal-to-noise ra-
design result led to a 400-turn coil on a single layer. Thetio (SNR) of the two sensors is comparable. An advantage df

4.2 Experimental results

Ly 2
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sistance of the coiled-cor&{;) sensor is expressed as

(Dcon +N(dy + 2t)2 /LW)
RCC = 470N d2 (21)

On the one hand, the available area to coil the ferromag-
netic wire is given by

Seoil = —21 (22)

Figure 7. Diagram of the coiled-core induction sensor. (1) shows  QOn the other hand the core section for a single wire is given
the ferromagnetic coil, (2) the conductive coil and (3) the ferromag- by

netic discs.
nd?

Score= T (23)
the orthogonal induction sensor is the higher resonance fre-
quency, which permits extension of the frequency range of considered for the design example), the coil-core numfjer (
the measurement. The helical angle could reduce the perfor

is deduced:
mance, and thinner cores (on the helicore part) would reduce
this angle and consequently increase the sensitivity. Lastly, _ Kt Scoil
the resonance frequency is lower than expected, which indi-  Sggre
cates that some leakage flux between core turns occurs. The
use of a ferromagnetic wire to design an orthogonal induc-
tion sensor could solve the main problems encountered wit
the ferrite core.

For a given core-coil filling factok: (a value of~ 0.9 is

(24)

In this relation we assume that the cored coil could be
r@stnbuted on many layers inside the coil winding area. Let
us now consider the sensor lendth and the diameter of
the ferromagnetic disd®g, the length-to-diameter ratio be-
ing m” = L./Do. The apparent permeability, derived from

Eq. @), can be expressed as
5 Coiled-core induction sensor

HMr
Happ-cc= . (25)
5.1 Description of the sensor configuration 1+ Nz(m')g—%(ﬁtr -1)
The coiled-core induction sensor, presented in Fjgcon- The induced voltage modulus and the sensitivity of the in-

sists of am-turns ferromagnetic wire (part 1) coiled around duction sensor(assuming low-frequency operatiord wg))
an neei-turns winding (part 2) made of conductive material are given by Eqs.26) and @7) respectively:
like copper or aluminium. Similarly to the classical insulated

conductive wire used to make the classical winding, the fer-€cc = NnScoreuapp-céUB’ (26)
romagnetic wire should be insulated to leave a space between
turns as to avoid a short-circuited magnetic path. | T(jw) I— = NNScoreitapp-cev- (27)

A ferromagnetic disc (part 3), acting as magnetic concen-
trators, is mounted at each end of the ferromagnetic wire in The NEMI equation for the coiled-core sensor is
order to canalize the magnetic field. As a result, the mag-
netic field “flows” through the ferromagnetic wire and each \JAKT R + €44
conductive coil turn “seesi times the derivative of the flux NEMlec =
of the ferromagnetic coil turns. The advantage of such a sen-
sor is quite obvious, but we propose a modelling attempt to  Similarly to the orthogonal induction sensor, a design at-
convince the reader of the potential interest of this theoreticatempt is performed (we choose the following set of design
Sensor. parametersd,, = 70um, L = 20 mm,d = 1 mm,Do = 20 mm
andL,, = 18 mm). The electronic amplifier noise parameters
(epa andipa) remain identical to previous cases. Because
5.2 Modelling of the coiled-core induction sensor of the compactness of the coiled-core sendor Do =
m’ ~ 1), a demagnetizing factdd,(m”) = 1/3 was consid-
Let us consider a copper winding witlh turns wound on a  ered (similarly to the value usually considered for sphere or
diameterD¢o; made with a conductive wire of resistivigy cube). The resolution of the induction sensor design problem
and diameted,, on a lengthL,,. Similarly to the resistance (i.e. number of turns verifying NEM& 2 pT/ +/(Hz) at 10 Hz,
formula of the induction sensor (cf. Ef)), the winding re-  using Eq.28) lead to the parameters given in TaBle

_ 28
N nScoreuapp-céU ( )
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Table 2. Design parameters for diabolo, orthogonal and coiled-coreAcknowledgements. The authors would like to thank CNES
induction sensors for an equal NEMI goal: 2/pf{Hz) at 10 Hz, (Centre National d’Etudes Spatiales), which has funded the protg

assuminggpa = 4 nV/ v/(Hz) andipa = 20fA/+/(HZ). type manufacturing within the context of a spacecraft mission study.
Parameters Diabolo  Ortho. Coiled core Edited by: B. Jakoby
Sensor lengthlt, in mm) 100 100 20 Reviewed by: two anonymous referees
Winding length {,, in mm) 90 90 18
Core diamet¢gside @ inmm) 4 3 1 References
Pitch (2rb in mm) NA 3.5 N/A Bozorth. R. M. and Chapin, D.: Demagnetizing factors of rods, J.
Helix radius @in mm) NA 5 N/A Appl. Phys., 13, 320-327, 1_942' L
: _ Coillot, C. and Leroy, P.: Induction Magnetometers: Principle, Mod-
End diameter@o in mm) 14 20 20 eling and Ways of Improvement, Magnetic Sensors — Princi-|
Coil diameter Doy inmm)  NA NJA 10 ples and Applications, edited by: Kuang, K., ISBN: 978-953-51-
_ 0232-8, InTech, 2012.
Copper wire turnsi) 15600 400 465 Coillot, C., Moutoussamy, J., Leroy, P., Chanteur, G., and Roux
Core wire turnsi) N/A 28 90 A.: Improvements on the design of search coil magnetometer fo
- - - space experiments, Sens. Lett., 5, 167-170 2007.
Wire diameter ¢, in pm) 70 140 70 Coillot, C., Moutoussamy, J., Lebourgeois, R., Ruocco, S., and
ResistanceRin Q) 1260 377 200 Chanteur, G.: Principle and performance of a dual-band search
- coil magnetometer: A new instrument to investigate fluctuating
Apparent permeability 295 317 1070 magnetic fields in space, IEEE Sens. J., 10, 255-260, 2010.

Sensitivity (V/T) 3260 2360 2200 Dupuis, J. C.: Optimization of a 3-AXIS Induction Magnetometer
for Airbone Geophysical Exploration, Master of Science in Egi-
neering, University of New Brunswick, 2003.

Grosz, A. and Paperno, E.: Analytical Optimization of Low-
This solution, which remains theoretical, could permit for  Frequency Search Coil Magnetometers, IEEE Sens. J., 12, 2719—

strong reduction in the size of the sensor for a given sen- 2723, 2012.

sor sensitivity. For the considered design, it suggests that &rosz, A., Paperno, E., Amrusi, S., and Liverts, E.: Integration of

coiled-core induction sensor could be five times smaller than the electronics and batteries inside the hollow core of a search

a classical induction sensor. The availability of windable fer- ~ coil, J. App. Phys., 107, 09E703-E709E703-3, 2010.

romagnetic wire is the weakness of this conceptual sensor. Korepanov, V. and Pronenko, V.: Induction Magnetometers — De
sign Peculiarities, Sensors and Transducers Journal, 120, 92—

106, 2010.
Lichtenberger, J., Ferencz, C., Bodnar, L., Hamar, D., and Stein
6 Conclusions bach, P.: Automatic whistler detector and analyzer system, J.
Geophys. Res., 113, 2156—-2202, 2008.
The three induction sensors reported in this wofficonew  Lukoschus, D.: Optimization theory for induction-coil magnetome-
possibilities for improvements. We believe that the coiled- ters athigher frequencies, IEEE T. Geosci. Elect., GE-17, 56-63,
core induction sensor is the most promising one even if it 1979 N o
remains theoretical as the prototype has not been built. |t§S§glrnéé.?A.ligagmagnetlzmg factors of the general ellipsoids, 67,
mf%mufacturln_g Is strongly depend(?nt on the availability of Ozaki, M., Yagitani, S., Takahashi, K., and Nagano, I.: Develop-
coilable and insulated ferromagnetic wire. Nevertheless, the X ; .
. . . . ment of a new portable Lightning Location System, IEICE Trans.
prthogonal |nduct|on.sensc.)r and the coiled-core one are sim- Commun., E95-B, No. 1, January 2012,
ilar. The orthogonal induction sensor prototype has allowedg 5y M., Yagitani, S., Takahashi, K., and Nagano, I.: Dual-
for confirming the predicted performance, which provides Resonant Search Coil for Natural Electromagnetic Waves in the
good confidence concerning the real wound-core sensor per- Near-Earth Environment, IEEE Sens. J., 13, 644—650, 2013.
formance. These three induction sensors could be adapted trance, R. J., Clarck, T. D., and Prance, H.: Ultra low noise in
enhance other magnetic sensors, especially fluxgates and gi- duction magnetometer for variable temperature operation, Ser]
ant magneto-impedance (GMI). For instance, in the case of sor. Actuator., 85, 361-364, 2000.
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