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Abstract

This thesis has addressed the theoretical andrdpsiplems associated with the
development and construction of a compact, lowaaisagnetic gradiometer
suitable for the space environment. The demandsindtistrial and space
applications defined the required gradiometer patars: gradiometric base below
40 mm and noise below 1 nT'mZ°°. A low gradiometric base is required due to
constructional constraints or the need for a pee@stimate of the magnetic
gradient. It is also advantageous in detectiorheffast-decaying response of small
and weak magnetic field sources in the environnlentése which can have
gradient character.

The sensor types for the non-cryogenic, low-noisegact gradiometer were
selected as anisotropic magnetoresistors (AMR)flamxdate, both suitable also for
space environment. | have studied the crossfiefdceffor both fluxgate and
AMR’s, which | have verified by measurements. | éaaddressed the high
crossfield response of race-track fluxgates withnat, etched cores for the first
time. | have also participated in deriving a nowdjorithm to suppress the
crossfield response of AMR’s.

At first, | have used off-the-shelf AMR and fluxgasensors for compact
gradiometers. | have developed an original/d3 PCB fluxgate gradiometer for
magnetic field mapping and a novel mine-detectdh wiC excitation based on a
4x4 array of dBdz AMR gradiometers. | have also calibrated andtaed a state-
of-the-art axial fluxgate gradiometer, where | hgweposed an unconventional
astatization method.

To meet the specifications, | have developed twmiaturized low-noise
fluxgate sensors - a novel, 20x11x2 fmace-track and a 20x20x8 rming-core
sensor. Field annealing of the 12-mm diameter cimge enabled its magnetic noise
to be decreased down to 7 pT-(ﬁ@ 1 Hz - this is the lowest noise of sensor of
this size and type found in literature. | have alested the parameters of the
developed sensors (noise, offset) and confirmed thetability for space-grade
applications. The size of the developed sensoosvall to reduce the gradiometric
base below 40 mm and also to propose a 46x46x46fufieensor gradiometer.

Significant part of the research is designatedht® development of a novel,
original concept of gradient feedback, which hasnbesed in two types of fluxgate
gradiometer to overcome the stability problems led state-of-the-art, compact
instruments. The “single-core” gradiometer had adgymetric base of 40-mm and
the original “dual-core” gradiometer with 30-mm balsas finally met the noise
requirement of 1 nT-lHZ%° @ 1 Hz. Gradiometer astatization has been carried
out with the novel method and real-world measurdgmare presented. Up to 90 dB
CMRR has been achieved which also using the grastemallows in applications
faced by high common-mode fields, as in UXO detectind biomedicine.



Abstrakt

Disert&ni prace se zabyva teoretickymi a konstniki aspekty f vyvoiji
kompaktniho, nizkoSumového gradiometru vyuzZiteln&hHmsmickém vyzkumu.
PoZadavky z gimysloveé sféry a kosmického vyzkumu definovaly cigarametry
gradiometru: gradiometricka baze menSi nez 40 mrdum gradiometru pod
1 nT-m"HZz%° @ 1 Hz. Mala baze gradiometru je dana konstiirki omezenimi
nebo patebou precizniho odhadu magnetického gradientu jedtiginy. Je také
vyhodou i detekci rychle slabnouci odezvy od slabych zZdropgnetického pole
v zaruSeném pragtdi s moznym gradientnim Sumem.

Pro nekryogenni, nizkoSumovy kompaktni gradionssm vybral anizotropické
magnetorezistory (AMR) a sondy fluxgate, oba tygiiavi pro kosmické prostdi.
Studoval jsem tzv. crossfield efekt u obouttygenzoi; u AMR jsem jeho pibéh
potvrdil metenimi. Zandtil jsem se na velkou odezvu ovalnych fluxgate sond
s planarnim jadrem, kterou jsem poprvé \&ilv Také jsem se podilel na odvozeni
noveho algoritmu pro pottani crossfield efektu u senzoAMR.

V pocateni fazi jsem se zabyval vyvojem kompaktnich graditin
s dostupnymi magnetickymi senzory. Vyvinul jsenive@dni dB/dy fluxgate
gradiometr pro magnetickd mapovani se senzory ey metodou tighych
spoji a minohled&ku se stidavym buzenim, n@vzaloZenou na poli dRiz AMR
gradiometé. Dale jsem Kkalibroval a astatizoval precizni, hiafluxgate
gradiometr; kde jsem navrhl netraaii, zjednoduSenou metodu astatizace.

Za (relem dosaZeni stanovenych paraig¢sem vyvinul dva miniaturizované
typy nizkoSumovych fluxgate sond: originalni somsdovalnym jadrem ,race-track"
(20x11x2 mm) a sondu s kruhovym jadrem oapiéru 12 mm (20x20x8 mih
Diky Zihani v magnetickém poli bylo dosaZzeno shizeragnetického Sumu
kruhové sondy pod 7 pT-HZ @ 1 Hz, coZ je nejnizsi $um publikovany v litetatu
pro tento typ a rozem sondy. Z testovani parametvyvinutych sond (Sum, offset)
jsem potvrdil jejich vhodnost pro kosmické aplikaBozngry vyvinutych senzar
dovolily snizeni gradiometrické baze pod 40 mm aoimiy také navrhnout
tenzorovy gradiometr s rozimy 46x46x46 mm

Vyznamnoucéast vyzkumu jsemdnoval vyvoji gradientni ziné vazby — tento
novy, originalni koncept byl pouZit ve dvou typdiitixgate gradiometr a umoznil
piekonat problémy se stabilitou s@snych kompaktnich gradiometrS jejim
vyuzitim jsem vyvinul tzv. ,jednojadrovy” fluxgatgradiometr s gradiometrickou
bazi 40 mm a novy, ,dvoujadrovy“ gradiometr s b&0 mm, ktery splnil
pozadovanou specifikaci Sumu 1 nT-HzZ°°@ 1Hz. Gradiometry byly
astatizovany vyvinutou metodou a jsou prezentov@sledky z jejich nasazeni
mimo laboraté. Potla&eni souhlasnych poli je az 90 dB coZz umgé vyuZiti
gradiometd i v aplikacich, kde jsou takovéato pol&itpmna, jako vyhledavani min
a nevybuchlé munice a také v biomedécin
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1. Introduction

This thesis is motivated by the need for a compstahle, low-noise magnetic
gradiometer with a gradiometric base less than dlthat is usable for geophysical
exploration, NDT/UXO detection, biomedicine and@papplications.

The magnetic gradient as a quantity is estimatedy dwy difference
measurements — the smallest possible sensor sp#wingradiometric base) should
be used to estimate the gradient tensor compopegtssely. The gradiometric base
may also be limited by the restricted operatiornaaaof the gradiometer. An
example is the vertical drilling application of MecMagnetics Inc. Their need is to
fit the gradiometer to the 40-mm borehole diamefemother example of size
restriction was the NASA/ESA application of an oatwb service gradiometer for
the LISA project [Jennrich 2009]. The tensor graditer should fit into a cube of
46x46x46 mmin this case — it was supposed to replace thecdebt-mass during
magnetic cleanliness testing. In NDT, geophysicalspecting, archaeology and
UXO detection, a small gradiometric base and thmallsoverall sensor size is a
benefit if the gradiometers are to be towed or rdoyYesensor array can be formed:
the scanning time decreases as the scanning areases [Stolz 2006].

A small gradiometric base will also improve the fpenance of the
gradiometers for detecting magnetic particles ini#dicine in unshielded
environments due to better attenuation of enviromaienoise which can have
gradient character. However, the magnetic momeatsifgle Fe particle may be as
low as 10 A-n?, which leads to the use of SQUID gradiometers wittv
gradiometric bases in magnetopneumography [Bohak@@03]. If the
ferromagnetic dusts in lungs were magnetized witlstrang DC field, their
remanent magnetic moment increased up t8 A-@7 in the case of strongly
exposed objects [Stroink 1982, Navratil 1999]. Tiiade possible to use a 10-cm
gradiometric base fluxgate gradiometer in magnedaprography [Tomek 2006].
The response of super-paramagnetic particles usedaakers in biomedicine is
several orders of magnitude lower, and generalfuires SQUID gradiometers
[Pankhurst 2003]. [Ludwig 2005] has shown thatrlaxation Neel amplitude is as
low as 1 nT for ul of the DC-magnetized Fe nanoparticles, which wawever
successfully measured with a fluxgate gradiometemni unshielded environment.

If the gradiometric base is decreased, both themesize and its noise have to
be decreased. As an example, the LISA instrumemnildhhave gradient noise PSD
less than 0.3 nT-TaHz%?at 1 Hz. The down-hole drilling application hasetaked
requirement of 1 nT-hHZ%® [Ripka 2012]. As the gradiometric base is limitd
the same time in both cases, the overall size cf sansor is limited to 20 mm to
fulfill the requirements. Assuming a 30-mm base, thHz sensor noise cannot be
greater than 20 pT-HZ in the down-hole drilling application, and for lASit
should be smaller than 7 pT-#Z This is a tough requirement and requires further
development of compact, low-noise magnetic sensors.

-1 -
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1.1 Theoretical background

1.1.1  Magnetic field gradient

As a result of the Maxwell equatiddx H = 0, supposing a current-source free
application and a vacuum, we can define the magriktk density vectoB in
orthogonal coordinates [Ida 2004]:

B =(B,,B,.B,)= tH = 1,(-0Oy)=-0F [T] (1.1)

The magnetic flux densit is thus a negative gradient of the scalar poteRtia
and can therefore be considered as zero-orderegrta@insor.

If we define the magnetic gradient as a spatialvdgve of theB vector, we get
the (first order) 3x3 gradient tensor matrix:

0B, 0B, 0B, ]
X OX OX
OB=G= 08, 95, 08, [T.m7] (1.2)
ay dy oy
0B, 0B, 0B,
| 0z 0z 0z |

Considering agaiilx H =0 in the absence of currents, we get the following
properties of the tensor matrix elements

0B 0B
0B, 95 _4 98 0B, _5 % 0B _ (1.3, 1.4, 1.5)

dy  ox 0z ox 9z dy

As a result, the gradient matrix has off-diagoyahsietry @Bi/dj = 9B;/di).

Further, as a consequence of the Maxwell equatidd = 0, we can write

0B
B %, 9B g (1.6)
ox ody o0z
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Thus the gradient tensor contains only 5 indepenciamponents. For example,
only the following components are required to déscrthe gradient tensor
completely:

0B 0B
{GBX , 0B, 0B, y}. @)

ox oy o9y 0z 0z
By applying thell operation also to the magnetic gradient (1.2) gefhigher

order gradients

An important case to be considered is the magriid created by a dipole
source. The scalar potential created by a dipa&d in vacuum can be written as:

_ Mo [mlr
Fir)=5 =5 (1.8)

Wherer is the position vector, its size{ =/X* + y* + Z* is the radial distance
from the dipole source amd is the magnetic moment of the dipole.

Then for example fom= (0, 0, m), and a position vectar= (0, 0, z) with a
distancgr| = z, we get using Eq. 1.1:

e e e b = 19)
4y 42 4z

If we further apply the_]l operation to Eq. 1.9, we get for tBB,/0z component
of the gradient tensor:

9B, _ _D(ﬂo Dm;j = "3, (1.10)
0z 2rx 2y

As a consequence, the dipolar field decreasesthé!8® power of the distance
z but the dipolar field gradient decreases with4figower.



Precise gradiometer suitable for space applications Michal JanoSek

1.1.2  Gradient estimation by magnetic field measure  ment

The components of the magnetic field vector usectédculating the magnetic
gradient are measured with vectorial magnetic sensather standalone or in
orthogonal triplets. In the real world, due toitBnsensor size and noise, the
magnetic gradient components are however only appeded by the difference of
two spatially separated sensor readings - se€lRigFor example for two sensors
in the x axis at a distanad=x;-X, (the so-called gradiometric base), which are
reading B,; and B,,, we can approximate the gradient component usigy t
derivative definition:

. B =
X =im -2 > = —X (1.11)

The size of the gradiometric base clearly influenite estimate of the magnetic
gradient, mainly if the magnetic field has higheder spatial derivates. An
important case is the field of a magnetic dipolg.(E8).

For a single-axis gradiometer, [Merayo 2001] introgd a correction term
which takes into account the gradiometric bds@d the distancefrom the dipolar
source aligned in the z-direction:

9B, B, -B,

2 4
z D X1 X 1+§(Ej +l(gj + ... (112)
0z d 6\ z 16\ z

For example, an instrument with a gradiometric bas80 cm will for a 50-cm
distance from the dipolar field source exhibit aroegreater than 220 %. For less
than 10 % error, the requireddfraction is >3.

The influence of finite sensor distances on thesdaeryradiometer for a tensor
gradiometer constructed from 7 and 10 sensors,ecéisply, was studied by
[Huang 2010], who showed that in order to decréhseerror, a common crossing
point of all gradiometric bases should exist. Huangved that 7 is the minimum
number of vectorial magnetic sensors needed to uneasll gradient tensor
components, if arranged according to Fig.1.2. Bmee of the cube is the
gradiometric based, and Huang showed that for the distarce 100 m a
gradiometric basd = 2 m would yield 8 % error in the magnetic gradlieut up to
30 % error in dipole localization.
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L VA
By
X \
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—>— >
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V- 5
; £
X1\ By Y
“ -
By By
Fig.1.1 - A gradiometer using two Fig.1.2 - A 7-sensor tensor

orthogonal sensor triplets, from [Merayo gradiometer, from [Huang 2010]
2001]

1.1.3  Gradiometer performance

As a result of Eg. 1.11, the sensitivity of a gomdeter is limited by the finite
resolution of vectorial sensors and by the gradtdméased. In addition, sensor-
to-sensor matching and misalignments of their sgasixes limit the performance
of a gradiometer in large common-mode fields.

1.1.3.1 Gradiometric base selection

The gradiometric base is selected as a compromsstvebn gradiometer
performance and its application. Sensor noise &I size are reasons for
increasing the gradiometric base in order to ireeahe detection limit, if the errors
arising from Eq. 1.12 can be tolerated or corrected

A. The effect of sensor size.

The size of a sensor may vary from fractions of dlimetre for
magnetoresistive sensors, Hall sensors and othiprschle sensors to several
centimeters for bulk fluxgate sensors [Ripka 20191]this case the packaging size

determines the smallest gradiometric base, whitheis limited tod :%(Iil +Ii2),

wherel; andl;,; are the sensor dimensions in the respective &eassor size not
only determines the minimum gradiometric base,dbsth causes integration of the
spatial derivative across the sensor element vglumméch in turn decreases the
sensitivity [Rihmer 2012]. In the case of a teng@diometer, sensor size also
restricts the configuration of other sensors ingtadiometer head (Fig. 1.2).
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B. The influence of sensor noise.

Sensor noise poses a limitation due to the bagsiatem Eq. 1.11. In the case of
uncorrelated white noise, the noise of the gradienponent can be rewritten as

2 2
ABy, _ Bux,” + Buxz (1.13)

JAV d
and if the noise is equal, it simplifies to
ABy = \/EBNX (1.14)
AX d

For example, a 10 pT uncorrelated white noise ahesensor in a distance
d=1m results in 14 pT-hHZ*® white gradient noise. For equally performing
sensors withd = 0.1 m, however, the noise is 10x higher. Foretated sensor
noise, the situation is more complicated: if themexe perfect noise correlation, the
gradiometer noise would be zero, but this is ortlyemretical situation.

1.1.3.2 Gradiometer errors

All gradiometers are affected by finite suppressibhomogeneous fields, i.e. a
finite common mode rejection ratio, due to differes in the sensor-to-sensor gain
factor, A/D conversion errors and, above all, doigg@ometrical imperfections of
sensor orientations. For an axial gradiometer gleesors were analyzed in [Merayo
2001].

Considering an axial gradiometeiB(/di) with a parasitic respons¢Br due to
the presence of the aligned common-mode fiBlgy, (or a projection of an
unaligned common-mode field), we can define theraom-mode rejection ratio:

BCM
G, [

CMRR= 200og 2¢% = 207log
AB

p

(1.15)

It is evident that when decreasing the gradiométaised, higher CMRR of the
gradiometer is necessary to keep the same pargesponséss (in gradient units).
As a consequence, as the gradiometric base desrdéheerequirements on sensor
matching and alignment rise. In addition, the CMRBRthe signal processing
electronics and ADCs will introduce further errors.

The most usual common-mode field is the Earth’sdfiavith a magnetic
gradient less than 15 pT'mfiCampbell 2003] and intensity around 50,000 nthizm
northern hemisphere. When moving the gradiometathenEarth’s field, e.g. in
airborne or manual geomagnetic measurements, énems may be large enough to
mask the required instrument response.

-6 -
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The effect of finite gradiometer CMRR is shown i@hala 2012]. In the
10 _ airborne, highly balanced
e | SQUID towed gradiometer
with a gradiometric base of
35 mm, the 80 dB CMRR, as
defined by precision

lithography, increased after
compensation with the least-
squares fit for each tensor
component to more than
130dB. This would vyield

2 nT-ni" error using Eq. 1.15
Time [s] for 50uT common-mode

field variation.

-10

-20

G [nT/m]

-30

-40

-50 L L 1 L
0 50 100 150 200 250

Fig. 1.3 — The effect of finite CMRR on a SQUID
gradiometer, redrawn from [Chwala 2012]. Black —
raw data, red — after balancing

1.1.3.3 Gradiometer astatization

Astatization of the gradiometer, i.e. minimizingthesponse to common-mode
fields, is the key issue in real-world measuremauitls large common-mode fields.
Balance is usually obtained mechanically. [Mera@01] used adjustable screws at
the second sensor head for his fluxgate gradiometer

Misalignments of the sensors can also be calibratedi compensated using
redundant information about the disturbing homogesefield. A “redundant”
triaxial magnetometer is commonly used, as showjfChwala 2012], [Pei 2009]
and in [Kumar 2005]. The calibration technique ryostlies on least-squares fit or
scalar-calibration [Merayo 2005]. However, the loadtion relies on the presence of
a homogeneous magnetic field without any magnetdignts.

For a mechanically fixed gradiometer detecting dilecanomaly/dipole source,
the problem is only the common-mode magnetic naidech can be more than 3
orders of magnitude smaller than the Earth’s magtitid, even in a laboratory
environment. Fig. 1.4 shows the homogeneous ndikel) and the difference
noise 4B, (red, without further corrections) during day-tirmed night-time in a
noisy laboratory environment measured by the aufthesample differences are
shown to suppress the offset change). The two spdmtween the two fluxgate
sensors was 10 cm.
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Fig. 1.4 — Magnetic noise in a laboratory surroundg by DC-traction traffic.

In this case, the CMRR was only 30 dB, but thisbésdh difference signals as
low as 2 nT (20 nT-thwith a 10-cm gradiometric base) to be measureldouitany
correction procedure in daytime.

1.2

Gradiometer applications

Most applications of gradiometers make use of wowing properties of the
gradient tensor:

1.

For a spatially homogeneous magnetic field, alsoéercomponents are zero
(Eqg. 1.2).

The tensor components measured at a single posaride the magnetic
dipole strength and its location — Eqg. 1.10

The attenuation of the dipolar field gradient ssaléth the &' power of
distance, as compared to the third power in the oaghe dipolar field (Eq.
1.9 and 1.10)

The magnetic field generated by a long currentyoagr conductor can be
described by the respective tensor componeifs<-H = |

The mechanical force acting on a ferromagnetic athijg caused by the
spatial gradient of the magnetic field.

The first and second of these properties are usddtect ferromagnetic (or even
superparamagnetic) objects, or magnetic anomaligeneral.

The third property provides a further advantage grhdiometry over
magnetometry in higher attenuation of distant distg dipole field sources.

-8-
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The fifth application of the magnetic gradient ised in susceptibility
measurements using the Faraday method, where tmiegt is kept constant
[Wecker 2006]:

F =VyH % (1.16)

whereF is the force on the sample with voluMend susceptibility, , andH is the
applied magnetic field with gradient in the y-diien.

1.2.1  Full-tensor gradiometers

Full-tensor information is used mainly in geophgsi@rospecting and in
security/military applications, because it offefse tpossibility to localize the
magnetic disturbance [Beiki 2012], [Clark 2012] twr discriminate between
information from the tensor components [Schneiddr32. The gradiometer for the
European Space Agency’s LISA project was assumeadbtermine the disturbing
force due to the magnetic gradients by measurirgg ghadient tensor in the
spacecraft. In this case, existing magnetic graslieould affect precise distance
measurements, due to the force applied to thentass (Eq. 1.16) — the cube with
composition of 75% Au and 25% Pt would have a sptilwéty of —2x10°
[Jennrich 2009].

In addition to the proposed 7-sensor configuratign[Huang 2010] and the
10-sensor arrangement used also by [Griffin 2042pther widely used solution for
establishing a full gradient tensor involves usitiggee or more triaxial
magnetometers (magnetometer heads) to provide deday [Pei 2009].

The gradient is usually calculated numerically frahe individual sensor
outputs; however this method suffers from finite @Desolution. Alternatively,
magnetic sensors can be biased by a common feedib&tlprovided either by a
separate triaxial head [Kumar 2005] or by a contimmaof sensor readings
[Anderson 2002].

1.2.2 Gradiometers measuring tensor components

For a specific application, however, only a limitedmber of gradient tensor
components can provide the needed information:gtlaeliometer design can be
simplified. The use of more sensors leads to redcylin this case.

Single-componen®Bi/di or dBi/gj type gradiometers are typically used for
detecting magnetic disturbances in the presenedafje disturbing common-mode
field (which can be the Earth’s field, a magnetigfreld, or common-mode noise).
Applications include non-destructive testing [Gmid03], geophysics [Bevan
2013], UXO detection [Kumar 2005], archaeology [Be\2013] and biomedicine
[Tomek 2006], [Seki 2009], [Ludwig 2005]. They asgically constructed using



Precise gradiometer suitable for space applications Michal JanoSek

two or more magnetic field sensors, or a coil-paithe case of SQUID sensors
[Stolz 2000].

The relation between magnetic

gradient and electric current is used in
AC cuentonargotwel down-hole  drilling by  Vector

Magnetics Inc. (the magnetic division

now at Halliburton) [Kuckes 1994].
The electric current carrying defective
pipe serves for navigating the drilling
head, which keeps a specified distance
and orientation in relation to that pipe
during relief well drilling, see Fig. 1.5.
In this case of electric current aligned
in the vertical z-direction, only two
gradient tensor components are non-
Fig. 1.5 — Down-hole drilling with magnetic z€ro:dB,/dy anddB,/dy. The distance
field guidance. From the Vector Magnetics can then be calculated from the
website. nonzero components.

Electromagnetic
Field Lines

| Transmission from {
| WSAB to Receiver |

| WSABSub

1.2.3 “Scalar” gradiometers

The so-called “scalar gradiometer” measures thdigna of the total fieldd|.
The components in this case are limited to:

G, ={42,98198)

B ) dx ' dy  dz

Two scalar magnetometers are used to obtain thpectge component;
typically they are Proton, Overhauser or opticglynped magnetometers having
high accuracy (better than 10 pT). Although thitugds widely used in practical
applications due to its high sensitivity and accyrand its low heading error, it has
been proved that the “scalar gradient” does notigeoas much information as the
gradient tensor components [Schmidt 2006]. Howefggrspace applications, the
usage of scalar magnetometers in a mixed vectecalhr setup is helpful for
enabling in-flight magnetometer calibration and ®&uppressing the spacecraft
magnetic signature [Primdahl 2006].

Scalar gradiometers are not further consideretignthesis.

-10 -



Precise gradiometer suitable for space applications Michal JanoSek

2 State-of-the-art

Generally, the most sensitive commercial gradiorsetese fluxgate sensors
having a 0.6 +1m gradiometric base - (Schonste8b25 Foerster Ferex,
GeoscanFM256, Bartington GRADG601 axial gradiométeror use cryogenic
SQUID magnetometers which allow for short gradiaimebases [Chwala 2012].
This in turn makes them bulky and impractical istneted areas, although the
SQUID systems can achieve excellent performance.ekample, the full-tensor
SQUID gradiometer of [Chwala 2012] achieved a noiss low as
10 pT-m-HZ**@ 1Hz after gradiometer balancing, however its oongion was
about 15 W and the mass of the towed system wag&d (Braginski 2009].

On the other hand, miniaturized, non-cryogenicéltsms tend to be limited to
compact gradiometers for NDT or magnetic partiadéedtion with a liftoff to the
dipole source or disturbance in fractions of aimétre. These devices are either
micro-fluxgates [Gruger 2003] or GMR gradiometetgifao 2013]. They exhibit
noise several magnitudes larger than fluxgate graeliers, which prevents other
practical uses. [Pelkner 2011] shows a detectionit liof about SuT of the
integrated gradiometer (Sensitec, Germany), whifter arecalculation on the
0.25 mm gradiometric base gives a detection lif0omT-m" in gradient units.

As the compact gradiometer falls between the twovabimiting cases, the
following overview of relevant state-of-the-art tinsnents is based on slightly
relaxed parameters than the thesis objective.um&nts having gradiometric base
less than 30 cm and gradient noise less than 5hHzfi°*@ 1Hz, or showing a
perspective to achieve this goal, are presented.

2.1 Full-tensor gradiometers

An SDT gradiometer for NDT and UXO detection cotisgs of an array of 6x9
SDT sensors was presented by NVE [Anderson 20@2]. &nsors were arranged
on all six faces of a cube - Fig. 2.1. The initrafsion [Wold 1998] had noise of
1 nT-HZ°@ 1 Hz, resulting in gradient noise of 4.5 nT-Hz’*@ 1 Hz with the
30-cm gradiometric base of the device. The findd2®ersion did not include
further data.

The gradiometer presented by [Wiegert 2007] usaddensors, each comprised
of two triaxial fluxgate magnetometers. A so callbthgnetic Scalar Triangulation
and Ranging” technology was used to calculate statections rather than classical
gradient tensor components to locate UXO or mifiée published sensor noise
was 0.25 nT p-p which would yield 1.2 nT*p-p gradient noise (30-cm base).

-11 -
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Underwater autonomous vehicles with tensor gradierae for detecting
anomalies in military applications have been preskioy [Allen 2005], [Kumar
2005] and by [Pei 2009]. Allen used off-the-shelfliBgsley sensor heads. To
decrease the large common mode appearing to thegaioadigital converters that
were used, an auxiliary triaxial head served to pemsate most of the
homogeneous field by the gradiometer sensors Figee?.2. The noise shown in
[Allen 2005] was about 300 pT:-hHZ’°@ 1 Hz after compensating the
underwater vehicle noise, with a gradiometric lkegmn of approx. 30 cm.

[Griffin 2012] has shown a tensor gradiometer depet! for the LISA project.
The gradiometer uses 10x2 rod-cores (Vacquier #texgensor), and the pick-up
coils of the gradient sensor pairs are connectéesanally. The field is apparently
partially compensated by a D/A converter to ob&ireasonably low differential
signal. Due to the construction of the sensor, 6BWoi terms were calibrated — the
unavailability of precise calibrating coils for ethgradient components makes
calibration challenging. The noise was shown t®8enT-m"-HZ**>@1Hz for the
oBi/oi pairs. No other parameters or construction oetare given, however, and
this makes the results questionable.

9 SDT
Sensors on
each of six

faces

Fig. 2.1 — SDT gradiometer for UXO Fig. 2.2 — Four Billingsley triaxial
classification, from [Anderson 2002] fluxgate heads, from [Kumar 2005]

2.2 Axial gradiometers

[Merayo 2001] constructed a 20-cm base gradiomwtbrtwo 17-mm ring-core
sensors, with an overall sensor size of 24x24x7 fiNielsen 1991]. The sensors
were astatized with non-magnetic screws, and aection term for sensor non-
orthogonalities was proposed. The accuracy of tisgiment was 0.3 nT-aus.
Merayo measured the cross-coupling of the sensmisf@und a 250-ppm scale
change, even for the 20-cm gradiometric base. Ldier constructed a better
performing gradiometer, but with a 60-cm gradionedtase [Merayo 2002].

-12 -
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In his portable gradiometer, which is also ava#abith a 25-cm gradiometric
base, [Forster 1983] uses two rod-core fluxgats@snwith their cores attached to
a non-magnetic string that is kept under tensiooweVer, the pick-up coils are
mounted on a tube, where the string is attacheallpxsee Fig. 2.3. The sensing
direction of a rod core fluxgate with a low dematgation factor and high
permeability is defined by its core axis rathemtly the pick-up coil [Musmann
2010]. In this manner, almost perfect alignmenthef probes is achieved, resulting
in high CMRR of the gradiometer.

i 2 i 8 - . 3

AV / 7 10
15 = Tg‘«:ﬁ | ~ 5 ] e :
J3 i 1 W S 1+ %1
752{:_ B " Lt ;'1,9

Fig. 2.3 — The Forster gradiometer with the sensocores (4) on a string (5), from
[Forster 1983]

For magnetopneumography, [Tomek 2009] used an graaiometer composed
of 25—-mm ring-core fluxgate sensors with 10 cm BEacThe noise was better than
350 pT-m-HZ** @ 1 Hz and the suppression of the homogeneoud fiels
0.035 (T-rt)-T* corresponding to a CMRR of approx. 30 dB [Plafilq)].

[Sunderland 2009] obtained noise as low as 0.2 "H&!*@ 1 Hz in a so-
called direct-string gradiometer. The sensor dirmrswere 300x30x30 ninin
principle, the deflection of a conductive curreatrging string is measured. The
force due to the magnetic field gradient deflebis string in second order mode,
causing a change in the string vibration amplit@ithe string is fed with an AC
current at second harmonic of the string). Thisignaeter was later also tested in a
space-like environment [Sunderland 2008]. Howeuss susceptibility of the
gradiometer parts initially limited the accuracytioé system [Sunderland 2007].

[Sasada 2014] has presented a fluxgate gradiornetesisting of two 30-mm
long low-noise, fundamental harmonics operated @epswith antiserially
connected pickups. Astatization is achieved byngrthe excitation DC-current,
which in turn results in changing the sensitivifyeach sensor. With a gradiometric
base of 50mm (overall sensor length), he claimst tlhe achieved
150 pT-m-HZ%> @ 1 Hz in the open-loop operated gradiometer. Teiy good
result is a consequence of the low demagnetizédictor of the magnetic core and
the fundamental-mode operation [Sasada 2002].

-13 -
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2.2.1  Single core fluxgate gradiometers

In the case of fluxgate sensors, the axial gradienwan be simplified to the so-
called single-core gradiometer, which was introduleg [Berkman 1960]. Its basic
operating principle is shown in Fig. 2.4.

U The magnetic field gradient generates a
w] 7 | gradient in the core fluxdg of the
¢ a magnetic core and thus the (anti-serially
Rl o ot % connected) pick-up coids,’ andW,” at
’ o Ha 1 positions L; and L, measure the

difference betweenH; and H,. The
Fig. 2.4 — The single-core gradiometer gradiometric basel is then defined as
from [Berkman 1960] the pick-up coils distanag=L;-L,.

[Mermelstein  1988] introduced a similar gradiomet¢hat used a
magnetostrictive material to facilitate sensor ®&tmn, see Fig. 2.5. The
gradiometric base was 30 mm, and the noise whealcidated was approx.
1 nT-m“Hz%°@ 1 Hz. However, its CMRR was only around 20 dBerevor
homogeneous fields of only 50-nT magnitude. Latlke, improved design used
three coils [Mermelstein 1990]. [Ripka 1993] couosted a race-track fluxgate
gradiometer with a 70-mm long race-track sensoingaa 37.5 mm gradiometric
base, also using three detection coils (2 for ttaslignt, 1 for the homogeneous
channel), see Fig. 2.6. The 1-Hz noise was 1.2 WHat>, but the basic problem
was the instability of the sensor due to open-loppration. Later the coils were
split into sections to reduce the instability due doil capacitance, and the
gradiometer was successfully used in magnetopnetapby [Ripka 1997].

375¢m
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Fig. 25 — Magnetostrictive gradiometer Fig. 2.6 — Race-track fluxgate
[Mermelstein 1988] gradiometer [Ripka 1993]
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3 Thesis objectives and organization

The main goal of the thesis is the research an@ldpment of a low-noise
magnetic gradiometer<@l nT-m*HZz%°@ 1 Hz) with a small gradiometric base
(<40 mm), which would be usable for geophysical esqiion, UXO detection,
biomedicine and space applications.

Developing a gradiometer with a short gradiometbase poses several
challenges, which are addressed as thesis objective

I. Magnetic sensor selection and evaluatidine best, off-the-shelf available
magnetic sensors should be selected and possitigations of their
performance in a gradiometer should be studied.

Il. Gradiometer performance with available magnetic sses. Magnetic
gradiometer with the above off-the-shelf sensomukhbe designed and its
performance evaluated.

lll. Gradiometer astatizatiorf-or small gradiometric bases, the same geometric
misalignments result in higher angular deviationd ¢us in lower CMRR
(Eq. 1.15). Appropriate astatization should incesthe CMRR.

IV. A compact, low-noise magnetic sensbhe performance of the magnetic
sensor for the use in a compact gradiometer i tinproved: its size should
be reduced, if possible without influencing thessemoise.

V. Further development of the single-core gradiometencept.Low CMRR
and unstable operation was one of the main probleitis the instrument
proposed by [Berkman 1960] and later presentedRigkp 1997]. Offset
drift and sensor gain instability were a conseqaewsicopen-loop operation,
and the large uncompensated common-mode field astdézation difficult.

The thesis is organized as a reprint of relevaligations in journal papers and
conference proceedings on a total of 55 pages gmmoied with 32 pages of
introductory, explanatory and also extension téxgequired by the condensed form
of the articles. The chapters are organized oibdses of the objectives:

= Objective | Chapter 4 (Magnetic sensors for a compact gnaekier)
Chapter 5 (Crossfield effect of AMR and fluxgate)
= Objective Il Chapter 6 (A PCB fluxgate gradiometer)
Chapter 7 (A gradiometer with AMR sensors)
= Objective Il Chapter 8 (Axial gradiometer calibration and tizstion).
= Objective IV Chapter 9 (A compact, low-noise fluxgate sensor).
= Objective V Chapter 10 (A gradiometer with 30-mm gradien&as

= |n addition, a tensor gradiometer with the newlyaleped sensors is
proposed in Chapter 11. Chapter 12 discusses thspgtts of the
developed gradiometer.

-15 -
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4 Magnetic sensors for a compact gradiometer

The author co-authored the following review artithdvances in Magnetic
Field Sensors'TJ7] published in IEEE Sensors Journal in 2010néénly focused
on recent trends in AMR and fluxgate sensors, whighshown in the Conclusions
to be clear favorites because of their performarsize, noise and temperature
stability.

Advances in Magnetic Field Sensors

Pavel Ripka, Member, IEEE, and Michal JanoSek

Abstract—The most important milestone in the field of magnetic
sensors was when AMR sensors started to replace Hall sensors in
many applications where the greater sensitivity of AMRs was an
advantage. GMR and SDT sensors finally found applications. We
also review the devel tof ization of fluxgate sensors
and refer briefly to SQUIDs, resonant sensors, GMIs, and magne-
tomechanical sensors.

Index Terms—Magnetic field sensors, magnetic sensors, magne-
tometers, magnetoresistors.

1. INTRODUCTION

N THIS PAPER, we make a review of recent advances in
I the technology and applications of magnetic sensors, which
have appeared in the past seven years following the publication
of a comprehensive book on magnetic sensors and magnetome-
ters [1]. Here, we concentrate primarily on thin-film devices, as
magnetic sensors based on bulk functional magnetic materials
were recently reviewed in [2].

In recent years, anisotropic magnetoresistive (AMR) sen-
sors with integrated flipping and feedback coils have become
standard off-the-shelf devices for use in medium-accuracy
applications such as compasses for mobile devices. After many
years of development, giant magnetoresistive (GMR) sensors
have finally found applications in angular sensing. Spin-de-
pendent tunneling (SDT) devices are used for applications that
require the smallest sensor size. Exciting improvements have
been achieved in the sensitivity of resonance magnetometers,
but most of the new devices are still in the laboratory phase.
Despite the recent achievements in giant magnetoimpedance
(GMI) sensors and orthogonal fluxgates, these devices are
still far from the parameters achieved by classical longitudinal
fluxgate sensors.

The development of magnetic sensor technology has been
slow and gradual. Most breaking news about nanosensors with
picotesla resolution has turned out to be a bubble. Exaggerated
advertisements have resulted in inflated parameters for magnetic
devices; we will try to show which factors are critical for real
applications of magnetic sensors.

II. FLux CONCENTRATORS

Flux concentrators made of high-permeability material in-
crease the sensitivity of any magnetic sensor. At present, they
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are integrated into the package of some Hall sensors and mag-
netoresistors. They can also be used to deflect the sensing direc-
tion so that the Hall sensor is sensitive to the in-plane field [3].
Similar concentrators are used to shield inactive sensors con-
nected in a Wheatstone bridge in some GMR sensors.

The weak points of flux concentrators include remanence,
nonlinearity, the danger of saturation, and temperature depen-
dence. It is important to use high-permeability material and not
excessively high magnetic gain, so that the temperature depen-
dence of the gain factor is low.

An extreme case of a high-gain setup is a low-noise Hall
sensor with 20-cm long concentrators having a 100 jan air gap
[4]. The magnetic gain is 600, and the achieved noise level is
100 p'L/ /Hz@ 1 Hz. Such a sensor is a rarity, as much smaller
fluxgates have lower noise. However, a similar sensor configu-
ration was successfully used in one device in combination with
an induction magnetometer to measure also the de component
[5].

Modulation of the permeability of the material by an excita-
tion field may help to shift the signal frequency out of the 1/ f
noise range of the Hall sensor. The miniature sensor described
in [6] uses permeability modulation of the 5-mm-long wire con-
centrator and the achieved noise level is 8 n'l'/\/Hz@ 1 Hz.
Modulation of the dc field can also be achieved by periodi-
cally moving the concentrator using an Microelectromechanical
System (MEMS) [7]. However, compared to field modulation by
changing the permeability (which is also used in fluxgate sen-
sors), this approach is rather complicated. Until now, competi-
tive results have not been achieved. It is also possible to mod-
ulate the permeability by increasing the temperature above the
Curie point [8], but this is rather impractical, as the working
temperature of such a device is limited.

Flux concentration can be also performed by a super-con-
ducting loop (a flux-to-field transformer), which has been suc-
cessfully used in GMR-mixed sensors [9]; the achieved gain
factor was 1000. However, to achieve 100 pl'y/Hz#1 Hz the
device requires 4.2 K temperature. For 77 K temperature, the
noise is increased to 600 pl'Hefi1 He.

IIL. HALL SENSORS

Most of the magnetic sensors that are produced use the
Hall effect. The Hall sensitivity of silicon sensors is typi-
cally T mV/mT for a 1 mA current. Higher sensitivity can be
achieved with thin-film InSb (typ. 5 mV/mT ) or InAs (typi-
cally, 2 mV/mT). InAs exhibits lower temperature dependence
of the Hall voltage compared to Si and InSb, and the working
range of InAs devices is also superior: it exceeds the —40 °C
to 4150 °C range required for automotive applications. A
promising Hall sensor was made using silicon-on-insulator
(SOI) technology: 1 11"/ \/Hzt1 Hz noise was achieved for an
80-pam wide, 50-nm thick sensor [11].

1530-437X/$26.00 © 2010 TEEE
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Fig. 1. Magnetic force lines of field concentrators for a thin-film Hall sensor
(FEM simulation), courtesy of Asahi Kasei Electronics.

Two-dimensional quantum-well multilayer heterostructures
based on GaAs are promising for low-noise Hall sensors: 100
1T/ /Hzf1 Hz noise was achieved with external spinning-cur-
rent electronics [10], which was further improved threefold by
using leakage-free switches.

Fig. 1 shows an off-the-shelf InSb Hall sensor with an inte-
grated ferrite concentrator (Asahi Kasei, BW series): the InSb
thin-film Hall sensor is sandwiched between two ferrite pieces.
The figure shows the flux lines simulated by FEM and a mi-
crophotograph of the device.

The integrated CM($' micro-Hall plate sensor with an ac-
tive area of 2.4 pinx 2.4 pan supplied by the spinning current
has noise of 300 n'l'/\/Hz&i1 Hz [12]. CMOS technology al-
lows to make intelligent Hall sensors with an on-chip digital
signal processing part, these sensors can communicate digitally
and perform sophisticated error corrections. One example is the
ability to compensate not only the temperature dependence of
the sensor itself, but also the temperature dependence of the
magnetic circuit enclosing the sensor (temperature coefficient
of the permeability, changes in the airgap, etc.)

IV. AMR SENSORS

Single-domain ferromagnetic thin films exhibit AMR: their
electric resistance is higher by about 2% in the direction of the
magnetization than in the perpendicular direction (this effect
exists in non-magnetic metals, but it is much weaker). AMR
sensors are more sensitive than Hall sensors, and they exhibit
better offset stability because they do not suffer from the piezo
effect. The development of AMR sensors was driven by the need
to replace inductive reading heads in hard disks. In this appli-
cation, they were later replaced by GMR and SDT sensors, as
these allowed higher storage densities due to their smaller size.
Linear AMR sensors are at present produced mainly by NXP
(Philips), Honeywell and Sensitec. They can have 10 nT resolu-
tion, but, unlike Hall sensors, the driving and signal processing
electronics cannot be integrated on the same chip.

Almost all commercially available AMR sensors use a
“barber pole” structure, in which aluminum stripes sputtered
on permalloy strips deflect the direction of the current by 457
and make the characteristics linear. Four such meander-shaped
elements are connected into a Wheatstone bridge.

!Complementary Metal-Oxide-Semiconductor.
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Fig. 2. (Top) Temperature offset drift of three Honeywell HMC 1001 AMR
sensors without flipping, from [17]. (Bottom) Temperature offset drift of three
Honeywell HMC sensors 1001 with periodical flipping, from [17].

The principles of AMR sensors are described in [13], com-
parative measurements of the noise of various magnetoresis-
tors are shown in [14]. The best AMR sensors have a noise of
200 pT/y/Hz41 Hz [15]; however, it is difficult to achieve pT
noise values with the whole AMR magnetometer; realistic res-
olution is 10 nT [16].

A. Flipping

The proper function of an AMR sensor is based on the single-
domain state of the magnetic layer. A good technique for guar-
anteeing this is periodical “flipping” — remagnetization of the
sensor structure by short pulses into a coil (which is usually
integrated on the chip). Bipolar flipping is used for low-field
sensors, because it also reduces the sensor offset and crossfield
error. Fig. 2 shows the offset drift of flipped sensors in a tri-axial
AMR magnetometer: without flipping, the drift was typically
100 wl'/°C.

B. Magnetic Feedback

Another technique for improving the accuracy of any mag-
netic sensor is feedback compensation of the measured field.
Modern AMR sensors have an integrated flat feedback coil,
which simplifies the magnetometer design, but may also cause
new design problems, as the compensating field is much less
homogeneous than that of a solenoid-this may cause linearity
error. The temperature coefficient of sensitivity of a typical
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Fig. 3. Linearity error of a Philips KMZ 51 AMR sensor, feedback compen-
sated by using an internal coil. Hysteresis is also visible from the measurement
cycle [18].

AMR sensor may be reduced from 0.25%/K to 0.01%/K by
using negative feedback with a sufficient gain; the remaining
temperature dependence is due to the temperature coefficient of
the field factor of the feedback coil. The temperature coefficient
of the offset remains the same (typically 10 nT/K, but varies
from piece to piece, even between sensors from the same batch),
as feedback has no effect on this parameter. With feedback
compensation, the linearity error may be below 300 ppm of the
full-scale, as shown in Fig. 3 [18].

C. Crossfield Error

AMR sensors suffer from cross-field error: the output voltage
V" depends not only on the measured field /T, but also on the
field component # ., perpendicular to the sensing direction

, Hy
¢ A L
VA T T
where AR is the maximum resistance change and { is the bridge
current.

From the previous equation, we can see that the cross-field
error (response to Hy) is zero for H, = (. The magnetic
feedback that automatically compensates TT, can achieve this
(Method 1). However, in some cases this is not possible due to
limitations of power, circuit complexity or speed. Honeywell
has released new sensors with “reduced cross-field error” by
increasing the Hy (Method 2); but this also reduces sensitivity
and thus increases sensor noise in field units.

Cross-field error may cause a 2.4-degree azimuth error for
the AMR compass. This error can be compensated numerically
if we know ITy and measure the field in two directions, or better
in three directions (Method 3) [19]. If periodic flipping is used
and each output is read separately, the cross-field error can be
suppressed simply by averaging the outputs for the “SET” and
“RESET" flipping polarities (Method 4). More complicated cal-
culations may lead to better correction of the crossfield error
(Method 5), and, in some cases, two components of the external
field can even be measured using a single sensor [20]. Methods
for suppressing the cross-field error are summarized in Table L

V. GMR AND SDT SENSORS

GMR and SDT magnetoresistors are made of magnetic multi-
layers separated by very thin non-magnetic conducting (GMR)

IEEE SENSORS JOURNAL, VOL. 10, NO. 6, JUNE 2010

TABLE1
METHODS FOR REDUCING THE CROSSFIELD ERROR IN AMRS

Method Advantage Disadvantage

Feedback Fully analog Non-homogeneity of the

compensation method compensation ficld.

of the measured Power consumption

field 11,

Increasing H, Implemented Decreased sensitivity,
during scnsor increased noisce
production,
no postprocessing

Numerical Flipping not Requires complicated

carrection NCCessary, calibration

using 3 sensors  lowest power Digital processing
consumption neeessary

Residual error
(typically 1%5)

Flipping and
averaging

Simple. can be
analog

Tlipping and Small grror

calculation

Digital processing
required

or insulating (SDT) layers. The electrical resistance of these
structures depends on the direction of their magnetization. In
general, if the magnetic layers are magnetized in the same di-
rection, the resistance is smaller than for layers magnetized in
opposite (antiparallel) directions. The external measured field
usually controls the magnetization direction in the “free” layer,
while the other “pinned” layer has fixed magnetization.

In order to compensate the basic temperature sensitivity, these
devices are made as Wheatstone bridges. A bipolar response of
the GMR bridge branches can be achieved by a DC bias field
or, in the case of a spin valve, by changing the orientation of the
magnetization of the magnetically hard pinning layer [21].

The most promising industrial application of GMR sensors
is in angular sensing. The magnetization direction of the free
layer of the spin-valve is rotated by the permanent magnet. If
the free layer is saturated, the sensor output does not depend on
the magnet distance, only on the measured angle.

Recently developed GMR sensors have increased their tem-
perature stability: Hitachi has reported only a 20% sensitivity
change between —40 °C to +120 °C, and 30 minutes of sur-
vival at 250 “C. However, large magnetic fields—especially at
elevated temperatures—can destroy GMR spin valves due to
changes in the magnetization of the pinning layer. This danger
does not exist for Hall sensors and AMR magnetoresistors.

In the case of SDT sensors, high coercivity and low linearity
remain a serious problem [22]; however, a digital magnetometer
with a SDT sensor reported in [23] exhibited 1 #T resolution
and a linear range of &1 m'T.

GMR and SDT sensors have 1,/f noise with cutoff frequency
in the order of MHz, and the reported noise levels are quite high
[24]. Picotesla-detection predictions are usually based only on
thermal noise, and they did not take magnetic 1/1 noise into ac-
count [25]. Fig. 4 shows that magnetoresistors in general have
much higher noise than fluxgate sensors. However, their main
advantage, especially in the case of SDT sensors, is their small
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Fig. 4. Noise spectrum of magnetoresistors and fluxgate sensors. HMC 1001
and 1021 are AMR magnetoresistors, NVE AAxx are GMR magnetoresistors,
and NVE SDT is a prototype of a spin-dependent tunelling device. The data for
a “cheap fluxgate” represent typical noise of Applied Physics Model 533 and
similar devices. The data for “low-noise fluxgate” is taken from [27]. Adopted
from [14].

size and thus high spatial resolution. This is critical when mea-
suring small objects such as magnetic microbeads for medical
applications [26], and also where a small distance from the mag-
netic source is required.

V1. FLUXGATE SENSORS

Fluxgate sensors measure DC and low-frequency AC fields
up to approximately 1 mT with a resolution of 100 pT and with
linearity-error less than 10 ppm. Their operation is based on
modulation of the permeability of the soft magnetic core, which
creates changes in the de flux (“flux-gating™) of the pickup coil
wound around the sensor core. The output voltage is on the
second harmonics of the excitation frequency, as permeability
reaches its minimum and maximum twice in each excitation
cycle.

Most fluxgates have a ring core and the same direction of
the excitation and measured fields [27]. The Vacquier-type flux-
gate, which has two straight cores and solenoidal windings, was
studied in [28]. Another form of core material is magnetic wire.
Despite the higher noise, the Vacquier-type fluxgate has the fol-
lowing important advantages: 1) due to very low demagnetiza-
tion, the sensor is insensitive to perpendicular fields and 2) un-
like ring-core sensors, the sensing direction is well defined by
the direction of the core. This is utilized in gradiometers, which
require very high directional stability.

In order to achieve low remanence (or a small perming ef-
fect, which is an offset change after the sensor is subjected to
a magnetic shock), the excitation should very deeply saturate
the core of the sensor. In order to achieve this with reasonable
power consumption, nonlinear excitation tuning is often used.
The resonance tank consists of the excitation coil and the par-
allel capacitor. Inresonance, the coil current has very high peaks
(typically, 1 to4 A): once the core is saturated, the impedance of
the excitation coil drops and the capacitor is discharged through
this coil. Despite the high peaks, the rms value of the current is
small (typically, 10 to 50 mA).

The standard method for fluxgate signal processing is
phase-sensitive detection of the second harmonic component

PSD [ATHiHz))

10 ®

10"
Frequency [Hz]

Fig. 5. Noise of a fully digital fluxgate magnetometer with CMOS ASIC
electronics — without (top trace) and with dynamic offset cancellation (hottom
trace)- from [33].

of the output voltage. Precise magnetometers developed at the
Danish Technical University utilize (short-circuited) current
output [29].

The best fluxgate magnetometers use a so-called Compact
Spherical Coil (CSC) with three orthogonal windings for the
feedback. In order to achieve a homogeneous field, the coil is
wound on the surface of a sphere, as the ideal spherical coil has
ahomogeneous field throughout the volume inside. The external
magnetic field is completely compensated, so that the three or-
thogonally mounted fluxgate sensors inside the coil system are
in a magnetic vacuum and thus do not suffer from cross-field
errors. The disadvantages of CSC are as follows:

— large volume: in order to reduce the size of the CSC the
fluxgate sensors are mounted in close vicinity and influ-
ence each other;

— high price: complex mechanics;

— the sensors cannot be removed without breaking the coils.

The best reported offset stability in the —1% "C to +&3 "C
range is £0.6 nl' [30]. Nishio et al. investigated sensitivity,
offset and noise in a wide-temperature range [31]: with a ce-
ramic core bobbin, the offset variations were below +3 u'l' in
the —180 °C to 4220 °C range.

Digital fluxgate magnetometers [32] use t(wo basic ap-
proaches, which can be combined:

— replacing the analog synchronous detector by digital signal

processing;

— replacing the analog feedback loop by a delta-sigma or
some other digital feedback scheme.

Digital magnetometers still do not achieve the parameters of the
top analog magnetometers [33], but they are very flexible and
allow for the future integration of electronics into a single ASIC
chip. Using dynamic offset compensation of the input stage, the
noise was lowered to 9 pT//TTz4t1 TTz (Fig. 5), which is suf-
ficient for most applications in the presence of the Earth’s field
[34].

A. Miniature Fluxgates

As common fluxgate sensors can be quite large (diameter in
units of em for low-noise, ring-core devices), many miniaturiza-
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tion approaches have been tried. Three basic types of miniature
fluxgate are: 1) CMOS-based devices with flat coils; 2) sensors
with microfabricated solenoids; and 3) PCB-based devices with
solenoids made by tracks and vias.

CMOS microfluxgates are based on a strip of soft magnetic
material on top of a flat coil system made with a metallic layer
of a standard CMOS process. These flat coils serve both to ex-
cite the strip core, which is either a sputtered or an electrode-
posited permalloy or a shaped amorphous material. These de-
vices may have low-power sensor electronics integrated on the
same chip. A 4 x 4 mm, 2-axial sensor for a wristwatch compass
was reported to achieve 15 n'l'//Hz(1 Hz noise with 92 V/T
sensitivity and 10 mW power consumption [35]. A similar de-
sign using a sputtered, 1-zin-thick Virovac (H, = 100 A/mn),
achieved 7.4 n'l /,/Hz@ 1 Hz. With increased power consump-
tion, the sensitivity was 450 V/T and the linearity was 1.15% in
the £50-;:']' range [36].

A flat coil of CMOS fluxgates has, in principle, high resis-
tance and poor magnetic coupling with the core. The efficiency
of the flat coil is therefore much worse than that of a sole-
noid. The UV-LIGAZ? process enables the production of MEMS
single-layer solenoids with 25 turns/mm [37]. A microfluxgate
made using such a technology is reported in [38]. The sensor
with a 30-p¢m electroplated permalloy core has 56 excitation
turns with a total resistance of 2 {2 and 11 sensing turns. A sen-
sitivity of 650 V/T was achieved for a 5.5-mm-long sensor with
14 mW power consumption. The noise is 32 n'l'//Hz#i1 He,
and the practical resolution is 1 22T, which is still worse than the
resolution of the best AMR sensors. To reduce the size of the
sensor, the authors used the “localized core saturation” method,
which led to large perming because only a part of the sensor
core was saturated: 30 z'l' perming was observed for a 200 mT
shock.

PCB-based fluxgates achieved low noise (24 pT/\/Tl«
11 He) and good temperature stability (20 nT in the —20 °C
to +70 °C range), but the minimum size achievable with this
technology is about 10 mm [39].

As miniature fluxgates may have only a limited number of
turns of the pickup coil, the sensitivity is lower than that of a
traditional wire-wound fluxgate. This is often compensated by
a higher excitation frequency (typically, 300 kHz compared to
20 kHz). Proper fluxgate excitation should deeply saturate the
sensor core in order to reduce “perming” (offset the change after
the sensor is exposed to a large field). The low number of turns
of the excitation coil of the integrated fluxgate necessitates the
use of large excitation current peaks. As the cross-sectional area
of the magnetic core is small, the quality factor of the excitation
coil is low in comparison with large-size fluxgates. Nonlinear
excitation tuning is therefore no longer possible. One way tore-
duce the power consumption in the excitation circuit is to use
short excitation current pulses instead of a sinewave or square-
wave [40].

B. Orthogonal Fluxgates

The main advantage of an orthogonal fluxgate is that it needs
no excitation coil — the sensor is excited directly by the cur-
rent flowing through the core. As is usual for fluxgate sensors,

MUliraViolet Lithographie, Galvanoformung. Abformung.
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the output is at the second harmonic of the excitation frequency.
The orthogonal fluxgate effect in ferromagnetic wire was known
since the 1950s. Some authors have observed this effect during
magnetoimpedance studies, and they use the term “nonlinear
magnetoimpedance” for the same effect. This effect has been
studied at high frequencies in tapes [41] and in wires [42], [43];
the observed output variable was calculated as the “MI ratio,”
which does not keep phase information and thus does not allow
the field polarity to be recognized. The use of phase-sensitive
detection of the output voltage (which is a standard technique
for a fluxgate) gives a clear advantage for the performance of
the sensor. The disadvantage of an orthogonal fluxgate is that
the necessary excitation current is usually high (typically, 20 to
100 mA). As the magnetic field in the inner part of the conductor
is low, which causes perming, a favorable design is a nonmag-
netic conductor covered by a magnetically soft thick layer.

A miniature orthogonal fluxgate with a planar structure,
formed by a Permalloy layer electrodeposited on a rectangular
copper conductor, is reported in [44]. The sensor core is only
1 mm in length, and the sensor has two flat 60-turn pickup coils.
The overall dimension of the sensor chip is 1.8 x 0.8 mm, the
sensitivity is 0.5 iV /gL ina £200 41 linear operating range.
The noise was 95 n'T/+/Hz®1 Hz with 8 mW net excitation
power consumption.

The “fundamental mode” orthogonal fluxgate uses DC biased
excitation; the output is on the same frequency as the excitation.
As this sensor is saturated only in one polarity, the basic offset
stability is poor and it can be improved by periodic switching of
the excitation bias. The authors in [45] achieved a sensitivity of
1.8 ¥ /'L, offset stability of 1.2 nT/hour and a noise level of
about 100 pT//TTz& 1 TT7 with periodic bias switching (20 pT
without it). In [46], the temperature coelficient of sensitivity was
reduced from 6500 to 100 ppm/K using feedback compensation.
A riaxial device was reported in [47], having three 38-mm-long
U-shaped legs made of a single amorphous wire (125 pun diam-
eter). The sensor achieved a noise level of 360 pT//Hzi1 Hz
with 4 mA excitation and 20 mA DC bias current. Another
fundamental-mode fluxgate with an unusual, 5-cm-long, amor-
phous tubular core was presented in [48]. The orthogonal excita-
tion field was created by a toroidal coil, which reduced the nec-
essary excitation current to 6 mA. For a 60-mA DC-bias current,
the noise achieved was 10 pT/+/Tlx41 TT... However, this con-
figuration is no longer mechanically simple, which is the main
advantage of the classical orthogonal configuration.

The so called “coil-less fluxgate™ has no pickup coil: the
sensor output is the second harmonic voltage induced between
the wire terminals. The operation is based on helical anisotropy,
which creates an off-diagonal component of the permeability
tensor: the field in the axial direction creates axial flux and
thus the longitudinal component of the induced voltage. The
sensitivity achieved for a 38-mm-long sensor is 0.2 mV /'l
[49].

VII. OTHER DEVICES

In this short review paper, we will mention SQUID 3 mag-
netometers only briefly. DC SQUIDS are less noisy than the
RF SQUIDS. These devices are based on a superconducting

ISuperconducting Quantum Interference Devices.
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Fig. 6. Noise of popular EMI induction sensors and a low-noise fluxgate —
adapted from a Schlumberger datasheet [54].

ring with two Josephson junctions [1]. In order to increase
the sensitivity, a flux transformer is often used. SQUID in fact
measures only field changes, not the absolute field. The noise
level of a low-Tc SQUID with a flux-transformer can be as low
as 1 [T//Tz and a high-Tc system can have white noise of
36 [T/4/Tlx, as shown in the excellent review by Robbes [50].

Resonant magnetometers (proton magnetometers, Over-
hauser magnetometers and optically pumped magnetometers)
are usually very stable scalar devices which measure the abso-
lute field value regardless of the field direction [1]. While optical
magnetometers are based on Zeeman splitting, classical proton
magnetometers measure the precession frequency of a proton
or electron. It is known that any scalar magnetometer can be
made vectorial by adding arotating bias field and demodulating
the output, but this technique degrades the sensor performance
both in bandwidth and in noise. The 1 T //TT« [ T noise
of the spin-exchange relaxation-free (SERF) magnetometer is
noticeable: the main idea of this magnetometer is to reduce
spin-exchange broadening of the Zeeman resonance. SERF may
reach SQUID-level performance without cryogenic cooling.
This magnetometer is a vectorial one: to obtain the remaining
two vectors, the field has to be again modulated. The SERF
magnetometer operates only in a near-zero field, and the vapor
cell must be heated. Magnetic fields higher than about 10 nT
should be vectorially compensated. A recent review of these
“optical atomic magnetometers,” which are still experimental
devices, has been presented by Budker et al. [51].

Induction magnetometers are based on the Faraday in-
duction law; thus they measure the flux derivative. Instead
of measuring open-circuited induced voltage, some induc-
tion magnetomelers evaluate the short-circuited coil current,
which in ideal conditions is proportional to the flux [1]. In-
duction magnetometers naturally cannot measure dc fields,
but at frequencies higher than 0.01 Hz they may have lower
noise than a fluxgate, if sensor dimension and mass is not an
issue. Fig. 6 shows the noise spectra of several commercially
available induction coils manufactured by EMI (a division of
Schlumberger) [52], compared to a typical low-noise fluxgate.
The length of the BF-4 sensor, which has the smallest noise
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at low frequencies, is 142 cm, and its mass is 8 kg. BF-6
and BF-10 are similar in size, but these coils are optimized
for higher frequencies; the 104 ¢cm long BF-7 sensor weighs
only 2 kg. A small induction sensor was described in [53], it
is 10 c¢m in length and weighs only 11 g; its noise is 2 pT/
VHz@1 Hz. In [54], the authors constructed a 3-axial satellite
induction magnetometer using similar sensors with 17-cm-long
cores, and the overall mass weight of the 3-axial probe, in-
cluding the holder device, was only 600 g. The frequency
range was 0.1 Hz to 10 kHz, keeping the noise level of
2 p'l'f /Hzil Hz. A detailed review of induction magnetome-
ters appeared recently in [55].

The GMI effect is based on the field-dependent change of the
penetration depth [56]. The effect has only limited practical ap-
plications, as it is temperature dependent, gives low sensitivity
and the characteristics are nonlinear and unipolar. The temper-
ature dependence of the GMI effect is analyzed in [57]-[59].
GMI sensors are used in compass modules for some mobile
phones [59], but the achievable accuracy is not clearly specified.
The lowest achieved noise level extrapolated to 1 Hz (using 1/f
noise rule)is 100 p'l'/ /Hz%i1 Hz for a 10-mm-long device pre-
sented in [60]. Due to the small diameter of the wire core, these
sensors may have high spatial resolution and thus serve for de-
tecting microbeads [61]. The disadvantage of GMI and similar
sensors compared to a fluxgate is the perming effect, because the
ferromagnetic core is usually not demagnetized during sensor
operation.

A synthetic magneto-electric sensor with 130 V/T sensi-
tivity was presented in [62]. It contains a sandwich made from
magnetostrictive and piezoelectric materials. The measured
field causes strain in the magnetostrictive layer. This strain is
coupled to the piezoelectric layer, where the output voltage
is generated. The achieved sensitivity for a 10-cm-long Met-
glas-PZT fiber laminate was 3000 V/T [63].

Other sensors are based on changing the resonance fre-
quency of free-standing elements manufactured by MEMS
technology. The preliminary results on large-scale models of
a “xylophone magnetometer” were promising, but until now
low noise has not been achieved on a small scale using MEMS
polysilicon technology [64].

The micromachined Lorentz force magnetic sensor
achieved field resolution of 10 n'l'/Hz for a 100 pA mea-
suring current [65]. The Lorentz force, which is proportional
to the measured field and the measuring current, deflects the
free-standing MEMS structure. The motion is made periodic
by applying an AC measuring current, usually at mechanical
resonance frequency. The advantage of Lorentz force magne-
tometers is their high linearity and the possibility to change
their range widely by selecting the measuring current. The
sensor can work up to 50 T [66]. A detailed discussion on these
sensors can be found in [67].

Magnetic sensors used for measuring electric current, posi-
tion, and mechanical torque are described in [68], and there-
fore do not appear in this review. The most important achieve-
ments in these devices are the AMR gradient bridge for current
sensors and polarized-band torque sensors for automotive appli-
cations. Sensors for magnetic nondestructive testing have been
reviewed in [69].
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TABLE II
PROPERTIES OF COMMON MAGNETIC FIELD SENSORS

Tlall with [ield AMR AMR ilipped [eedback Fluxgale
concenirators (Philips KMZ. $1, (KM7Z 51 18] Rillingsley
(Seniron TSA-1IVG) Toneywell, TEMI100
1IMC1001)
linear range Sml 300 pT 300l o pr
sire 6 mim 6 mm Hmm 13 mm
linearily 0.1<02% 1% 40 ppm 20 ppm
sensitivity 1C 200 ppimdK 600 ppmK 20 ppavK 20 ppn'K
offset @ 25°C S0 uT < 10T <1 puT 101
ollset TC G600 nT/K 100 a T/ 2nT/K 02 nTYK
noisegyg (0.1-10 Ty 1yl 10 nT{1 oT} 10T <100 pT
perming, hysteresis 1ul 300 nT 10T < 1 nT
BW 100 kHz 100 kHz 100 Hz 3.5 kHz
power consumplion 53 mW 30 mW 100mwW 350 mW

VIII. CONCLUSION

We have briefly referred to the main recent advances in mag-
netic field sensors. So far, there is always a tradeoff between the
size of a sensor and its parameters. The progress of miniatur-
ization is not likely to be skipped by novel nanosized sensors
without using new physical principles. In many applications,
such as detection of magnetic microbeads, micromagnetic scan-
ning or NDT, sensor size is an issue and is often the only selec-
tion criterion, either because of the need for spatial resolution
or because of the weak point-like sources. However, in cases
where a large detection distance cannot be avoided, parameters
such as noise (detectivity) become more important. In more de-
manding applications, such as precise compasses, positioning
and racking devices, the linearity, temperature coefficients and
even cross-field sensitivity of the sensor also start to be more
important than noise, which is often the only parameter that is
mentioned .

Table IT compares important parameters of the most popular
solid-state magnetic field sensors. We give values for some of
the best commercially-available sensors in each class.
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) Crossfield effect of AMR and fluxgate

The so-called crossfield effect, which is the nenezresponse of a magnetic
sensor to perpendicular fields, is inherent to AWRNt 2005], [Ripka 2009] and it
is also observed in fluxgate sensors [Brauer 199the sensors are arranged to
form a gradiometer and the sensors are perfectlichad, this effect can be
suppressed if it is caused by an uncompensated arenp of the large
homogeneous field.

5.1 Crossfield sensitivity in AMR sensors

For AMRs, the theoretical response was derivedRipKa 2009]. If the AMR is
flipped, the crossfield response remains the sauigthe sign of the voltage due to
the measured field is changed: if both the outmldnities are used, the sensitivity
to crossfield is reduced. In the case of HMC 10€dssr and a 20T measured
field with 50uT crossfield, the error was shown to be reducech fiauT down to
100 nT [Ripka 2009]. The equation describing theotitical response was later
improved by [Mohamadabadi 2013] who also verifietinpensation of this effect
when using orthogonal sensors.

08 In Fig. 5.1, the azimuth
06 | pAVAL error due to the crossfield

+ OurMethod|

effect, if the KMZ51 is
used in a compass, Iis
shown as measured by the
author. The second,
orthogonal sensor, needed
for azimuth calculation,
0.6 1 U was synthetic — perfect
08 ‘ : : : : : : mutual orthogonality was

oo e e 3 ™ assumed. The error is less
than +0.4° without flipping
and improves to +0.2° with
the proposed signal processing. For HMC 1001, ther evas up to +1° without
flipping and below +0.2° with flipping and signatqeessing after [Ripka 2009].
The recent method of [Mohamadabadi 2013] couldh&rrtdecrease the azimuth
error of such AMR compass. These measurements \pezeented at the
Symposium on AMR sensors, Wetzlar, Germany in 2809 did not appear in the
following paper due to its limited scope.

o
L

Azimuth error []

Fig. 5.1 — Unflipped and flipped azimuth error with KMZ 51.

The following papefCrossfield sensitivity in AMR sensor$J9] was published
in IEEE Transactions on Magnetics in 2009. It shdtws theoretical response
(derived earlier) of Honeywell HMC 1001 sensor cangal with real measurements
which were performed by the author. Author tookt dso in deriving the method
to reduce the crossfield response using the fligld& output.
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We discuss the origin of the crossfield sensitivity of AMR sensors, the way how this error may influence the performance of an AMR

compass and methods for its correction. Finally, we confirm the simple formulas experi

£old

tally. Cr

may cause error up

to 2.6 deg., depending on the compass orientation. The most effective way to suppress the crossfield error is using magnetic feedback,
however this is not always possible. We suggest a method of processing of the SET/RESET sensor outputs which is more efficient than

the usual averaging.

Index Terms—AMR, crossfield sensitivity, magnetic sensors, magnetoresistance.

I. INTRODUCTION

ROSSFIELD effect (or crossfield error) is defined as an
C unwanted non-linear sensitivity to small fields perpendic-
ular to the sensing direction [1]. This effect can be found in any
sensor containing ferromagnetic material. While in fluxgate this
error can be minimized by proper design, for AMR sensors the
crossfield sensitivity is their inherent property, as it is caused by
the basic sensor principle.

If the crossfield is large, it causes irreversible changes: in case
of AMR, the single domain state is broken and the anisotropy
dispersion occurs [2]. We do not consider this situation in this
paper.

We also do not speak about the linear part of the crossfield
sensitivity: it can be easily corrected by rotating the sensor.
Nonlinear dependence effectively means that one cannot find
a universal “insensitive” direction as such direction is field-de-
pendent. The first widely published technical description of this
problem was made by Pant and Caruso [3]. The problem is se-
rious: for a sensitive AMR used in magnetic compass a max-
imum crossfield error in the Earth’s field is 1100 nT, which may
cause an azimuth error of 2 degrees [4]. Some manufacturers
reacted to this challenge by changing the design. By increasing
anisotropy field they reduced the crossfield error, but also de-
creased the sensor sensitivity and thus degraded the noise per-
formance. In this paper we will show that crossfield error is easy
to understand and we also discuss methods on how to suppress
or eliminate this error without compromising the other parame-
ters of AMR sensor.

The simplified formula for the sensor output is [3]:
oy
- H_r + HD

where H,, is the measured field, Hy is the crossfield, and Hy is
the anisotropy field.
This formula shows that the effect 1s not present if H, = 0.
We will show how (1) is derived and what are the simplifica-
tions leading to this formula. But before that we will show the
influence of the crossfield error on AMR compass.

1% (8]

Manuscript received March 06, 2009. Current version published September
18, 2009. Corresponding author: P. Ripka (e-mail: ripka@fel.cvut.cz).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2009.2022051

II. CoMPASS ERROR CAUSED BY CROSSFIELD

Small and low-cost magnetic compasses are required for cars,
ships and mobile devices. Digitally gimbaled compass is using
three-axial magnetic sensor and information about actual roll
and pitch of the device to calculate azimuth in every position.
Precise compass devices usually use classical fluxgate sensors,
which are quite large, expensive and power consuming. There
are many commercially available compass systems with AMR
sensors and inclinometers, but these systems usually have az-
imuth error of a few degrees. More sophisticated AMR com-
passes have integrated compensation of offset and sensitivities
of individual sensors as well as their angular misalignment. As
there are usually six sensors (three magnetic sensors and three
accelerometers) in the system, the calibration and error correc-
tion algorithm is rather complicated [5]. We suppose that the
mentioned errors are compensated and we concentrate on the
effect of the crossfield error.

In our application example we use Honeywell HMC 1001
sensor with Hy = 1000 A/m (i.e., Bp = 800 pT). We can
estimate the influence of crossfield error using (1).

If we use horizontally aligned two-axial compass at equator,
where the horizontal component of the Earth’s field is approx.
50 pT, the crossfield causes maximum azimuth error of 2.4 deg.
In arbitrary position this error can reach 2.5 deg [4], [6].

III. THE ORIGIN OF THE SIMPLIFIED FORMULA

We will try to review how (1) was derived in order to find out
which simplifications were made.

Let us suppose an ideal single-domain magnetically soft
AMR strip having uniaxial anisotropy with easy direction x
and effective field of Hp. We assume only coherent rotation of
magnetization,

Let us consider a crossfield Hy present simultaneously to the
measured field Hy. For the total energy density of a single do-
main of anisotropic material in the magnetic field H we may
write

1
E = Es+ Eg = 510MsHy sinp — poMsH cosar  (2)
where Mj is the saturation magnetization, ¢ is an angle between

the magnetization M; and external field H = (Hy, Hy) and @
is an angle between the magnetization M and easy direction x.

0018-9464/$26.00 © 2009 [EEE
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In order to find the energy minimum we solve the equation
dE/dy and if the external field H is much smaller than the
anisotropy field: |Hy|, |Hy| < [Ho| we will find [2]

H,

v 3)
H, +Hy

sinp =

The resistance in x direction is calculated, e.g., in [2]

Hy

R(Hy) = Ry+AR |1 - (m

2
) ] = Ry+ARcos? ¢

(4)
Using Barber poles the resistance equation becomes

R = Ro+ ARcos*(p + 45°) (5)

from that we will derive the following formula for the strip re-
sistance:

_ Hy _(_H Y
H*R"J’ARH”HO ! H.+Hy ©
where
AR
R62R0+7-

For [Hy|, |Hy| < |Ho| we finally arrive to

R=Ry+AREY v~
0

- ~ AT )

IV. METHODS TO ELIMINATE THE CROSSFIELD SENSITIVITY

A. Feedback Compensation

From (1) it is clear that there is no response to crossfield Hy
when the measured field Hy is zero. That is why the crossfield
sensitivity is erased by feedback compensation of the measured
field. The limitation of this approach is the homogeneity of the
compensation field, which is questionable for flat compensa-
tion coil used in case of integrated sensors. However practi-
cally achieved linearity of the feedback-compensated KMZ51
was 0.1%, which is sufficient for most applications [7].

Other drawbacks of compensation include increased power
consumption and decreased bandwidth.

Ideal compensation is to completely remove the total field.
For 3-axial magnetometers this can be achieved by using ex-
ternal 3-axial compensation coil [8], however such solution is
very expensive.

B. Increasing Hy

‘We already mentioned that increasing Iy improves the lin-
earity in uncompensated mode, and reduces crossfield effect, but
decreases sensitivity. Hy is an effective anisotropy field, which
is aresult of both shape anisotropy and induced anisotropy. Thus
we can change Hy by changing the strip thickness or by mag-
netic field annealing. The price we pay for this solution is an
increase of the sensor noise (in the magnetic field units) which
is proportional to the decrease of the sensitivity. Thus in general
this solution is effective only for low-end sensors.

4515

C. Numerical Correction in Multi-Axial Systems

From the readings of two perpendicular sensors which mea-
sure Hy and H, we can calculate corrected field values sup-
posing that we know the value of Hy. The equation has no an-
alytical solution, but it can easily be solved numerically. The
procedure is in detail described in [3]. The only problem is the
knowledge of Hy. It is not easy to measure it, but fortunately
the sensitivity to this parameter is not critical [4].

D. Crossfield Suppression by Flipping and Averaging

After flipping (i.e. reversing the remanent magnetization of
the AMR strip) the output voltage is changed from V; to Vy:

Hy

Vzﬁ Hir—Hul

8)

Standard technique used in AMR magnetometers is to sample
V1 and V3 and subtract them still in the analog form. The re-
sulting voltage V is then

H, H, _ —2H,Hy

Va - = .
H,+Hy H,—Hy Hr_%—ﬂru2

9

The sensitivity of V to the crossfield Hy, is largely reduced,
as Hy is typically much lower than Hy.

Using this technique, the residual error in our example (HMC
1001 in B = 50 pT for the measured field By of 20 pT) was
reduced from 1000 to 100 nT [6].

E. Separate Processing of V1 and Va

We proposed a simple original method to directly calculate
both I, and H, (if we know Hp) [9]:

(Vi +W)
(Wi -12)

1~ 2Ho(V - V2)
YT (e =W)

fOl‘Vl#Vz:Hr%HD
for Vi = Va: Hy = 0.

Using this method the crossfield effect is suppressed much
more effectively. The uncertainty of estimation of both Hy and
Hy is not the same. For practical values of the anisotropy field
Hy the sensitivity to Hy is much higher than sensitivity to Hy.
The uncertainty of [ caused by the magnetic noise depends
on I7y. In the best case the [T noise for HMC 1001 is 16-times
higher than noise for Hy—approximatelly 80 nT p-p. In the
worst case we cannot measure I, when I, is zero (V; =
—V32). However, this novel method can be used for simple com-
pass applications and also in two- and three-axial systems to ef-
fectively correct for the crossfield error.

This method can be used only for AMR sensors with medium
or low value of Hp, such as Honeywell HMC 1001 (Hy =
0.8 mT) and it is limited to the environment with low magnetic
noise.

F. Flipping in Multiaxial Systems

Flipping can also be used for numerical correction in multi-
axial sensor systems, Pant and Caruso have shown that flipping
and averaging V1 and V3 in two-axial or triaxial system leads
to much faster iterations during the finding of H, [3]. Also this

-26 -

Michal JanoSek



Precise gradiometer suitable for space applications

Michal JanoSek

4516

Vout (mV)
e
P
.

3
J —+-SET —= RESET|

2
1
0 T T T T T T 1

0 50 100 150 200 250 300 350 400

azimuth (grad)
10
9,99 /'\\
9,98 f\

V1+V2 (mV)
o 3
8

B \\/ M\
9,94
8,83
0 50 100 150 200 250 300 350 400

azimuth (grad)

Fig. 1. (a) KMZ 51 sensor V' (SET) and Vo (RESET) outputs for rotation in
the horizontal plane. (b) KMZ51—V{ + V3 as a function of azimuth,

method requires complex numerical processing and knowledge
of Hy. However, if we do not average but process Vi and Va
for each sensor, we have 6 equations and we need no apriori in-
formation about Hy.

G. Using Redundant Sensors

We can use 6 sensors in 3-axial AMR magnetometer: XY,
YX. XZ,ZX, YZ, ZY. The first letter denotes the sensing direc-
tion, the second letter denotes the crossfield direction. Two let-
ters define the plane in which the sensor chip is mounted. Even
without flipping we obtain 6 equations which allow us to com-
pensate for the crossfield error without the knowledge of Hj.
When flipping we can increase the number of equation to 12.
Increasing the number of sensors also increases the complexity
of the mentioned scheme for the compensation of angular mis-
alignments.

V. EXPERIMENTAL VERIFICATION

Fig. 1(a) shows the output voltages V and V3 as a function
of azimuth, measured for Philips KMZ 51 AMR sensor which
is used as one axis in magnetic compass. If Vi — Vy value is
used, the deviation from sinewave caused by the crossfield ef-
fect is practically invisible. However it may cause up to 1 grad
compass error. Vi 4 Vg value is normally considered to be a
sensor offset, which is partly suppressed by flipping procedure.

TEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 10, OCTOBER 2009
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Fig. 2. (a) HMC 1001—V'; (SET) and V'3 (RESET) outputs for rotation in the
horizontal plane. (b) HMC 1001: Vavg = V1 4+ V2 as a function of azimuth.

However, if we measure this value as a function of azimuth for a
compass sensor rotating in the Earth’s horizontal field of 20 000
nT (Fig. 2(b)), we observe a double-peak waveform confirming
the simplified formulae (1) and (8). The observed p-p variation
of 50 uV corresponds to 274 nT. Using the simplified formulae
this variation gives a rough estimate of Hy = 3.2 mT for this
Sensor.

Fig. 2(a) shows V) (SET) and V2 (RESET) outputs of Hon-
eywell HMC 1001 sensor (bridge current 6 mA) rotated in az-
imuth. Together with the V; + V3 function in Fig. 2(b), it in-
dicates smaller value of Hy than in KMZ51—this corresponds
well with Hy = 0.8 mT measured in [4].

In Fig. 3(a), the cross-axis direction of HMC1001 is oriented
upwards, so that Hx is in the rotation axis and therefore con-
stant, Hx = 40 pT. In agreement with derived equations the
V1 and Vs responses are sinewaves with only slightly different
amplitudes. Vair = V1 — Va2 in this case is close to sinewave
(Fig. 3(b)), according to (9). Here we can conclude that the de-
sign of HMC 1001 is on the limit of linear AMR sensors: Hy is
only 16-times higher than the Earth’s field.

VI. CONCLUSION

In this paper we analyzed the crossfield sensitivity of barber-
pole AMR sensor. Crossfield sensitivity of unbiased AMR el-
ements can also be utilized to measure field in two directions
[10].

The measured results confirm the fact that in small field re-
gion, for which the single-domain structure of the AMR sensor
is not broken, simple formulas for crossfield response are valid.
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Fig. 3. (a) HMC-1001 sensor’s Vy (SET) and V., (RESET) outputs for rota-
tion around the crossfield axis x, which was pointing upwards. Notice that for
this measurement the sensor was oriented differently than for Figs. 5 and 6.
(b) HMC-1001: Vdiff = V; — V5 as a function of rotation around crossfield
axis.

We have shown that separate processing of the V; and Va volt-
ages instead of simple averaging leads to more efficient correc-
tion of the crossfield error. This is easy in digital magnetometers

4517

such as [11]. However, if field compensation is possible, such
processing is not necessary.

It would be desirable to design more sensitive AMR sensors.
One of the possible approaches would be to decrease . Such
sensor would no longer be linear and would have a large cross-
field sensitivity, but both these errors can be easily compensated
or corrected.
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5.2 Crossfield response of a race-track fluxgate senso  r

For fluxgate sensors, the error depends on thetstriof the sensor [Ripka
2000b] — a negligible effect was measured for roecVacquier sensors. The
crossfield error of tape-wound sensors depends ten field direction: the
demagnetization factor of the tape differs for pecular and transverse
directions However, as was shown in the following articlethie case of a single-
sheet, etched magnetic core, the demagnetizatatorfparallel to the core is very
low and the effect is therefore much more pronodnoehis case. The response of
early printed circuit board sensors with etcheagsavas studied by [Kubik 2006].

The following article“Two sources of crossfield error in race-track Xtyate”
[J8], was published in Journal of Applied Physit010. The article describes the
measurements with PCB race-track sensors the acéinoed out and addresses the
origin of the large crossfield response. The fluggaas attached to a non-magnetic
theodolite and two Helmholtz coils were used tat¥dhe main and perpendicular
fields. The high response shown in the article lmammproved — we have shown in
agreement with [Auster 2000] that it can be de@edsy better alignment of the
sensor core and coil, and also by modifying thestdomain processing of the
fluxgate output signal.

The final crossfield response of the PCB fluxgateown in Fig. 5.2 was not
presented in the article (the data was not avalabkhe time of paper submission)
but was published later in Journal of Electricagieering however with inferior
graphic quality [R2]. The measurements were cardad in the “Magnetsrode”
magnetic calibrating facility of TU Braunschweige@any with the kind help of
Dr. Ingo Richter. The possibility to cancel the tha& magnetic field and apply a
synthetic magnetic field was used. The result cordd the high crossfield
response for the in-plane direction, presentetiératticle below [J8].

\

60
o0

==in-plane
=7+ perpendicular to plane

response [nT]

perpendicular field [nT]

20

o

-20000 -15000 -10000  -5000 5000

=20
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Fig. 5.2 — Crossfield response of the PCB fluxgatrom [R2]
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This contribution covers cross-field response of fluxgate sensors with a flat, single-sheet race-track
core, which to our knowledge has not been studied yet. In the case of race-track shape, it was
commonly believed that the error is automatically lower than for the ringcore due to the shape
anisotropy. Instead we observed that the exact geometry of the race track (i.e., ratio between the
longitudinal and upright section) and the position of the coils start to play a significant role, not only
the core homogeneity—there is no more symmetry as in the case of a ring core. We found the
cross-field response dependent on defining the perpendicular angle, either to the sensor’s core axis
or to the axis of the feedback coil; these two axes were misaligned by up to 1°. When arranging the
cross field to be perpendicular to the feedback coil axis, we were able to verify results previously
published in literature: we obtained 60 nT response for 50 uT cross-field. © 2010 American

Institute of Physics. [doi:10.1063/1.3337721]

1. INTRODUCTION

The cross-field effect (or transverse-field effect) in mag-
netic sensors is described in literature as an unwanted sensi-
tivity or linearity error due to fields perpendicular to the
sensor’s sensitive axis. In the case of anisotropic magnetore-
sistors, the effect is now well understood"” and may be sup-
pressed by operating in feedback loop (field in the sensitive
axis is zero). However in fluxgate sensors, the error is still
present even in feedback loop and can be effectively sup-
pressed only by vectorial ccm'np«:n:;alicon."‘4

The cross-field effect of fluxgate sensors was first ob-
served in 1980s, later Brauer® identified the core in nonho-
mogeneity as the possible error source for ring-core flux-
gates. Brauer described the cross-field error as a residual
nonlinearity of the sensor, which reached *5 nT for
+50 uT cross field. Ripka and Billingsley® described the
cross-field effect of a race-track fluxgate also as a quadratic
decrease in sensor’s sensitivity. While Vacquier sensors are
by nature almost free of such an error due to their large shape
anisotropy (the cross-field response is lower than measure-
ment uncertainty), sensors with race-track core should theo-
retically combine advances of both designs. In this case, it
was commonly believed that the error can be lower than for
the ring core due to the shape. On the contrary, we observed
that the geometry of the race track (i.e., ratio between the
longitudinal and upright sections) and the position of the
coils start to play a significant role—there is no more sym-
metry as in the case of a ring core (Fig. 1).

‘We therefore started to investigate the cross-field error of
fluxgate sensors with a race-track core (34X 16 0.9 mm?),
consisting of one sheet Vitrovac 6025x amorphous material,
encapsulated in a printed-circuit board (PCB).” The signal

“ Author to whom correspondence should be addressed. Tel.: + (420) 2 2435
3964, FAX: +(420) 2 3333 9929. Electronic mail: janosem@fel.cvut.cz.

0021-8978/2010/107(9)/09E713/3/$30.00

107, 09E713-1

processing used gated integrators and the sensors were oper-
ating in the feedback loop. It is worth to notice, that the
pick-up coil served also as a feedback coil.

Il. SYSTEM SETUP

We placed the race-track, PCB fluxgate on an iron-free
theodolite (50 cc accuracy) in a dual-axis Helmholtz coils
system: the X-axis served for generating the cross-field, the
Y-axis for simulating different operating conditions (actual
measured field)—Fig. 2. We tried two approaches to find the
perpendicular position.

A. By using the sensor’s pick-up coil as a search coil

We applied a low-frequency (to avoid eddy currents in
the core) ac field and measured the response in two different
angles, read on the theodolite (e.g., 10° and 45°). From the
cosine dependence giving a set of two equations, it was pos-
sible to calculate the main and perpendicular angle. The
other approach was to find with a lock-in amplifier the sign
threshold of the rectified output voltage, indicating the zero
crossing. The latter method provided repeatable results, how-
ever we observed following effect: when the core was satu-
rated by a dc field provided by injecting dc current into the

L1 L2

Pick-up coil

FIG. 1. PCB fluxgate sensor—depicting the geometric aspects: angular dif-
ference between core and coil axis (a) and longitudinal shift (L1 # L2). The
upright sections of the core are clearly visible as not covered by the pick-
up/compensating coil.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Measurement setup used for determining the cross-
field response. Sensor (not to scale} shown having the main-field Bm in
sensitive direction and the cross-field Be in perpendicular direction.

excitation coil, the perpendicular angle was changed by
0.8°-1.5°, depending on the respective sensor. We explain
this difference as a direct result of angular misalignment be-
tween the axes of the core and the pickup coil (Fig. 1).

B. By measuring the response of magnetometer
with respective sensor

We measured the dependence of the fluxgate magneto-
meter output voltage on sweeps of the perpendicular field
while rotating the sensor along the horizontal axis. For de-
viations from the sensitive axis other than 90°, the sensitivity
is #0 and changes the sign with crossing the perpendicular
direction. Finding the zero-crossing point of sensitivity
equals finding the perpendicular direction. The response is
significantly changed even with 0.05° rotation measured by
the theodolite. When taking into account broader
(+300 pT) or narrower (=50 uT) range for determining
the sensitivity, we obtain again the two perpendicular angles:
one related to the effective core direction and the other to the
compensating-coil direction. The perpendicular angle of the
feedback-coil direction was approximately 1° less than of the
core, simmilar as determined in method 1.

Ill. EXPERIMENTAL RESULTS

First, we measured the sensor linearity—the error was
below =2 nT in *=50 uT range—and then the sensor was
rotated to the perpendicular direction to the core axis previ-
ously measured. The cross-field error in field units was sev-
eral magnitudes larger than the sensor nonlinearity even for
small perpendicular fields and was verified for three sensors
and two measurement setups. The shape of the response for
limited field is similar to a sinewave (Fig. 3), similar shape
was presented in Ref. 6. However in this case, the magnitude
of the error is huge (up to 1 uT for 100 uT cross field).

‘We have found that this was only an artificial result of
measuring at the direction perpendicular to the core axis.
‘When the sensor was moved to the perpendicular direction to
the coil axis (—1°), the response resulted in approximately
+60 nT for =50 uT cross field (Fig. 4). The same result
was obtained, when the response from Fig. 3 was linearized
around zero, and the linear part removed. The remaining

J. Appl. Phys. 107, 09E713 (2010)
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FIG. 3. (Color online) Cross-field response (perpendicular direction to the
sensor core) shown for five different fields in main direction, offset due to
main field removed.

near-zero sensitivity for small cross-field magnitudes (i.e.,
+20 uT) has physical sense and is in a good agreement
with results published in Ref. 5.

Brauer identified the cross-field response as a direct re-
sult of the core inhomogeneity, but we have to note that the
ring core is geometrically symmetric with constant demag-
netization factor in all directions. Although we obtained very
similar shape of the response, we believe that its elevated
amplitude is caused not only by the inhomogeneity of the
sensor’s core, but also by geometric imperfections (Fig. 1).
These include the longitudinal shift and angular misalign-
ment of the pick-up/feedback coil: if the contribution of the
upright sections is asymmetric (shifted pick-up coil), also the
cross-field response is asymmetric. Angular misalignment
alone brings symmetric cross-field response. This was dem-
onstrated in Fig. 3; the compensating field, which was not in
the direction of the perpendicular field, caused the sinewave-
like response of the sensor. It was a direct measure of the
misalignment  from  perpendicular  direction of the
compensating-coil axis.

However, it should be stated that the material inhomoge-
neity will be in this case several times larger as for wound
cores in Refs. 5 and 6—the sensor core consists of one sheet
of the 25 wm material and thus the material imperfections
cannot be averaged out as in the tape-wound ones.

‘We also expressed the cross-field error as a change in the
sensitivity of the fluxgate sensor—Fig. 5—and found it with

cross-ield [uT]

412500 10000 -75.00 5008 %

ey — moin ek T
= [=-2a
600,00 |
: i e 283
800,00 [ om0
| -~ Madified ol 0 uT
-1000.00 e

FIG. 4. (Color online) Cross-field response (perpendicular direction to the
pick-up coil) shown for three different fields in main direction, and also for
modified detection electronics (thin trace).
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Cross-field [uT]

250,00

Sensitivity change ['%]

FIG. 5. The same data as in Fig. 3, but expressed as sensitivity change on
applied cross-field.

a good agreement with results in Ref. 6. For calculation, the
same data as in Fig. 4 were vused; sensitivity was calculated
for every change in cross-field, knowing the changes in the
main field. The result in Fig. 5 shows a 0.4% sensitivity
decrease for =100 uT cross-field range.

IV. SUPPRESSION OF THE CROSS-FIELD RESPONSE

We increased the excitation amplitude (from 550 mA pp)
and did not notice any significant difference, indicating that
the sensor’s core was saturated enough. We also used modi-
fied method of signal extraction, where only one part of the
voltage pulse (during the switch on and on time of excitation
current) was used. This approach resulted in decreased sen-
sitivity of the magnetometer, however, when recalculated to
the field units, decreased also the cross-field response (Fig.
4—last trace). Numerical compensation would also be pos-
sible, as we obtained for several sensors of the same series
similar response. As there is huge difference in the behavior
of the response being 1° off the main axis (cf. Figs. 3 and 4),
even perfect suppressing the perpendicular field would not
help: any field 19 off would case different response. Model-
ing the cross-field response is due to this nature difficult,
therefore is not presented in this paper. However, the model
presented by Brauer is by comparison valid for the perpen-
dicular direction of the feedback coil. This means that the

J. Appl. Phys. 107, 0SE713 (2010)

response may be further suppressed by proper geometrical
configuration: separating the pick-up and feedback coils,
while shortening the pick-up one (not to cover the upright
sections of the core); and also enlarging the compensation
coil to assure homogeneous compensating field in the whole
core volume. For sensors with larger ratio of the
longitudinal/upright branches of the race-track core (in this
case 1:7), the response is expected to be lower; this was
confirmed experimentally for 10-cm-large fluxgate sensor,
derived from presented one, with a ratio of 1:10.

V. CONCLUSION

We directly measured the cross-field response of race-
track fluxgate sensors and found a good agreement with pre-
viously published results. However, for slight deviation from
the perpendicular direction of the pick-up coil (1°), the dif-
ference in the response is dramatic. We believe to have iden-
tified the source of this difference experimentally as geomet-
ric imperfections of the sensor’s configuration—its core and
pick-up coil misalignment. The cross-field response of a flat,
pulse-excited PCB race-track fluxgate sensor was lower than
60 nT for 50 uT cross-field applied and with modified sig-
nal extraction, we lowered this response at elevated cross
fields.
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6 A PCB fluxgate gradiometer

6.1 PCB fluxgate sensors

The author developed the printed-circuit board (PfliBgate sensor used in the
gradiometer [J20] — see Fig. 6.1. It exhibits 1#dise of 20 pT-HZ> (higher than
incorrectly stated in [JanoSek 2007]), and the @esige is 30x8x1 mimDue to the
low thickness of the sensor (Fig. 6.2)¢B/dj type gradiometer with a very small
gradiometric base can easily be constructed. Squave pulse excitation [Kubik
2005] is used to keep power consumption low - aficib tuning [Ripka 2002] is
not possible because of the poor quality factdhefexcitation coil (low inductance
and high resistance). The detection electronidededn gated-integrators [Kubik
2007]. The sensitivity of PCB fluxgates is low, ampp 70 V-T' at 10 kHz
excitation frequency [J20]. It is limited by thereaross-section and by the number
of pickup-coil turns. This in turn results in loWlNR at the demodulator, even with a
low-noise pre-amplifier

Fig. 6.1 — Structure of the PCB fluxgate - from Fig. 6.2 — PCB fluxgate vertical cut — the
[J17] magnetic core can be seen, and also the

excitation and pick-up through-hole vias

In fluxgates with wire-wound sensors, the so-caldrent-output is used
mainly to suppress the pick-up coils capacitanaksywing for longer cabling to the
sensors and to increase sensor stability — the-ypckoil is effectively short-
circuited. Also, a simplified phase-sensitive daieevith gated integrators can be
used [Primdahl 1991]. As a result, using the curcerput in PCB fluxgates can
improve the SNR due to their low pick-up coil rézige.

The next article“Current-Output of PCB fluxgatesTJ10] was published in
Sensors Letters in 2009 after presenting at the ARI®8 conference as a majority
work of the author. The low resistance of the pigk-coil was found as an
advantage in current-output mode providing suffitiBNR as shown in the article.
The noise of the PCB fluxgates however did not owpr In our case, the noise was
of magnetic origin— it is inherent to the designend the magnetic core is under
mechanical stress caused by the manufacturing ggoakbonding the five PCB
layers together — see Fig. 6.2.
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Current-output mode of PCB fluxgate sensors is presented. As the short-circuited output current
sensitivity is inversely proportional to the number of turns of the pickup coil, PCB fluxgates should
perform well in this mode. In order to avoid serial tuning of the sensor's output, sufficiently large
series capacitor must be used mainly for pickup-coils with very low impedance. The sensitivities
(with sinewave excitation and 2nd harmonic detection) have been found as 32 and 86 A/T for
sensor lllA and IIB, respectively. The noise values remain the same as in the voltage mode; however
the linearity of the uncompensated sensor shows differences from the voltage mode. Sensor |1B with
pickup-coil covering only one third of racetrack length (centred) showed improvement from 0.5% in
voltage mode to 0.23% in the current-output mode. Sensor llIA with long pickup-coil covering also
the core ends has good linearity in the voltage mode (0.3%), however in the current-output regime
it was worsened down to 3.5% nonlinearity of 100 uT full-scale.

Keywords: Current Output, Fluxgate, PCB, Sensor.

1. INTRODUCTION

Fluxgate sensors can be made very temperature stable and
resistant against other environmental influences including
vibrations and radiation.!"> PCB (Printed Circuit Board)
fluxgate sensors are, due to low-cost manufacturing and
miniature design, promising alternative to classical flux-
gate sensors with wire-wound coils.®> PCB design creates
solenoids by the use of two metallic layers connected by
vias. This design can be further miniaturized by using
m‘1::rt:xtechnn]ogyf"5 The main advantage of solenoid coils
compared to flat coils is much better coupling with the
sensor core—thus the excitation efficiency and sensitivity
are much higher.® However, miniaturization results in low
number of turns of the pickup coil, which decreases volt-
age sensitivity, compared to classical wire-wound fluxgate
ECHEDI’S.7

The low number of turns should be an advantage in
the current-output mode of the sensor, as introduced in
Ref. [8]. As the output current is inversely proportional
to the number of turns of the pickup winding, limited
only by the winding resistance, PCB fluxgates should be
ideal candidates for short-circuited, current-output mode
of operation. Another advantage would be integrating
the current-to-voltage converter directly on the sensor,

*Corresponding author; E-mail: janosem@fel.cvut.cz

Sensor Lett. 2009, Vol. 7, No. 3

1546-198X/2009/7/001/004

which would allow driving long, shielded cables with
no impedance and interference problems of the sensor’s
output. Sensitivity and noise parameters can be further
improved by using serial-tuning of the pick-up coil,* how-
ever it was not considered in this paper.

Two race-track PCB fluxgate sensors developed at our
department have been used in order to compare the
achieved results. Race-track shape shows better sensitivity
compared to classical ring-core'” and we are using amor-
phous core material with much better magnetic properties
than any electrodeposited permalloy.'' Two-layer sensor
TIB' has pickup coil with 37 turns, located in the middle
of the sensor (shown in Fig. 1). Four-layer sensor ITIA has
pick-up coil with 68 turns, covering the whole length of
the sensor.

2. CURRENT-OUTPUT MODE
2.1. Principle of Operation

The current-output mode together with calculations of the
output current has been described by Primdahl.® The out-
put current is there handled as equivalent coil current,
which would create field equal to the measured one:

N.
Beq :M[)T’eq (1)

doi: 10.1166/51.2009. 1064 1
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excitation

LT1028

Lock-in
SR830

s

Fig. 1. Block diagram of current-output operation.

The real measured output current will have always an
error mainly caused by the non-zero resistance of the pick-
up coil. The non-zero input impedance of the current-
to-voltage converter is of the minor importance. Another
source of error is the fact that the B, field is non-
homogenous. The resistance of the pickup-coils varies
according to PCB technology used (2 or 4 layers, track
widths and diameters of through-hole vias). For sensor
IIIA, it was measured as 4.8 (), while sensor [IB with
lower number of turns and only 2 PCB layers with wider
tracks had 1.48 € pickup coil resistance.

As we used sinewave excitation, the model described by
Primdahl for pulse excitation was not in a good agreement
with the experimental results. We presently work on a
Matlab model based on the circuit equation and simplified
hysteresis curve for Vitrovac6025x; preliminary results
show a good agreement with the measurements. Existing
models of this type describe only voltage output.'?

2.2. Experimental Setup

The pick-up coil of the fluxgate sensor was short-circuited
by a current-to-voltage converter consisting of single oper-
ational amplifier (Fig. 1). The resulting voltage swing is
then proportional to the feedback resistor. Series capaci-
tance is necessary to cut the path for the DC and low-
frequency input bias current, which could affect the sensor
offset and also influence the noise parameters. The input
current noise, which has flicker character, would create
equivalent noise field in the pickup coil.

Two sensors—IIB and IIIA as described above have
been used, in order to verify the inverse proportionality
between number of turns and current-output sensitivity.
The sensors were excited with 10 kHz sinewave current
of 350 mA p—p, which was previously verified as the best
mode of operation in sinewave mode.

The output of the //V converter was led to lock-in
amplifier SR-830 and the 2nd harmonic detection has been
used. The resulting current-waveform is shown in Figure 2
for sensor 1IB. In order to observe true current waveform
related to the external field, it was necessary to numerically
correct for two applied field magnitudes, opposite in sign.
As the peak—peak current is exceeding 20 mA for 60 uT

2
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Fig. 2. Sensitivity of PCB fluxgates versus excitation current and series
capacitance.

applied field, we had to replace the feedback resistor in
the //V converter for smaller value of 510 £} in order
to reduce the excessive voltage swing and correspond-
ing power losses of the operational amplifier. Further, the
larger resistance also caused nonlinearity problems for
large input currents.

3. RESULTS AND DISCUSSION
3.1. Sensitivity

We found the sensitivity decreasing with the excitation
current (Fig. 3). This dependence is related to the changes
of the current waveform; however, sensitivity is often not
the most important parameter: larger excitation current
decreases sensor perming. The sensitivity also depends on
the series capacitor used, as it can cause serial output
tuning—this is the case of sensor 1IB with low impedance
of the pickup-coil, where sufficiently large capacitance
(51 pF) has to be used. The sensitivity at 350 mA p-p
was 32 A/T for sensor ITIA and 86 A/T for sensor IIB,
respectively (Table I). The number of turns of sensor’s
A pickup-coil (68) is 1.8-times higher than of sensor
1IB, however the sensitivity increased for IIB more than

-15.00
-10.00

-5.00

Current [mA]
o o
[=] o
o o

10.00

15.00
50 100 150 200 250 300 350

sample [-]

Fig. 3.  Output current waveforms, as measured for £30 uT (containing
sensor feedthrough), and true output for 60 uT derived as their difference.
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Table 1. Comparison of V and I mode for PCB fluxgate sensors 1IB Pwr_Spec Hz
and 1A, nVrne Ciesmirs FH————H
Voltage Current == i o [H2
e '
Sensitivity Nonlinearity Sensitivity Nonlinearity i NY
Mode: [vrT] [ppm FS] [V/T] [ppm FS] L ;Ir . e A
1B 249 4830 86 2580 = ———t++ i !J f 2
A 750 3150 32 38500 uvrmls1G?S/WpTRMSmD.!—IUH{band‘ 11 1l
31.25mHz AVG: 100 12.5Hz
Time Xz s
10 T T
2.6-times—this is mainly due to lower resistance of its o [ I
pickup coil (1.48 £} compared to 4.8 £ for sensor IIIA). {Siectonics ooy |
10 x’&"lﬁ"" Fira i R U e M U, Wi~ 4,1, |
i /div] T AT W T ATV T I W
3.2. Noise | & somaes | i
I
Noise figures have been measured in 6-layer cylindri- 50 {
cal shielding and using 35670A analyzer, in the range 0s 31.9688s

of 0.1-10 Hz, with Hanning windowing, 200-times aver-
aging and 95% overlap. The noise parameters were
similar to the voltage mode—for sensor IIB we mea-
sured 60 pTrms/\/Hz @ 1 Hz (Fig. 5). The total band
noise slightly decreased from approx. 900 pT down to
675 pTrms in the 0.1-10 Hz band. The current-to-voltage
converter therefore did not introduce excessive noise. This
noise level is lower than that of most of the orthog-
onal fluxgates of similar size. Only fundamental-mode
orthogonal fluxgate described by Ref. [14] has a noise
of 20 pTrms/\/Hz. The mentioned sensor has however
600 turns of wire-wound coil and it has large temperature
offset drift, moreover due to the nature of the operation
the effect of perming is questionable.

3.3. Linearity

Linearity measurements gave interesting results—in the
voltage mode, the sensor IIB was previously found less
linear, than sensor IIIA. However, this was opposite in
the current-output mode. Sensor IIIA with long pick-up
coil and high number of turns (higher resistivity) wors-
ened from 0.3% down to 3.8% nonlinearity of 100 uT

5~ —a— Short-circuited f 500
—a—51uF i
44 - -+--Voltage mode /57400
3] {300
T 5] 200 |
— c
£ 4] Ji00 2
" Jo100 £
3 14 [
=2 y {-200 ¢
o 2] {300
-3 - —400
4] 1500

—46.0 —2‘0‘0 0.‘0 26.0 4(;.0
Applied field [uT]

Fig. 4. Sensor IIB nonlinearities—voltage and current mode.
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Fig. 5, Noise parameters of 1IB (top trace) and electronics only (exci-
tation disabled—bottom trace).

full-scale. On the contrary, the linearity error of sensor 11B
(short pick-up coil in the middle, low resistance) dropped
to one half: from 0.5% in voltage mode we achieved 0.25%
in short-circuited mode (Fig. 4). For this sensor we also
investigated the effect of output tuning with serial capac-
itor of 4 pF which was insufficient to short-circuit the
pick-up coil—due to nonlinear nature of the output tuning,
the linearity decreased down to 2.1%.

4. CONCLUSIONS

When considering current-output regime of PCB fluxgate
sensors, we found that it can bring advantage in linearity
for sensor with very low number of turns and short pick-up
coil located in the middle of the core, where the nonlinear-
ity was decreased to one half (0.23% compared to 0.5%).
We found the sensitivity to be dependent on the excitation
current. As the noise parameters remain unchanged and
sensitivity is very high (consider voltage equivalent with
1200 Ohm which is 120000 V/T in open loop for sensor
1IB), the short-circuited mode can be advantageous mainly
for miniaturized (PCB) fluxgate sensors, which can oth-
erwise in voltage mode suffer from low number of turns
and short pick-up coils in terms of linearity and sensitivity.
The achieved parameters are sufficient for precise compass
application of the PCB fluxgate sensors.'®
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6.2 The PCB dB,/dy gradiometer

The following papetPCB Fluxgate Gradiometer Measuring dBy” [R1] was
published in Journal of Electrical Engineering i612 after presenting at the
“Magnetic Measurements 2010” conference as a ntgjardrk of the author. The
motivation was investigating the performance of &g/dy gradiometer used in
[J11]. Aspects of the construction of thB,/0y gradiometer are discussed and a
new concept with a common feedback coil is investig. The noise obtained was
as low as 3.7 nT-HZ**@ 1 Hz for a 20-mm gradiometric base.
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PCB FLUXGATE GRADIOMETER MEASURING dB,/dy

Michal JanoSek* — Pavel Ripka*

In this paper, we investigated a dB,/dy gradiometer formed by PCB fluxgate sensors stacked together with a gradiometric base
of 20 and 10-mm, respectively. We discuss several possible arrangements of the gradiometer with the emphasis to a common com-
pensating coil wound around the two sensors, which can be in a novel configuration also used for as a gradient pick-up coil. The 1-
Hz noise power spectral density of the 20-mm-base gradiometer was found as 3.7 nT/m/YHz and it increased to 8.2 nT/m/\Hz

when reducing the gradiometer base to 10 mm.

Keywords: fluxgate sensor, printed circuit board, pulse excitation, gated integrators, signal extraction, magnetometer

1 INTRODUCTION

Fluxgates made with printed-circuit-board technology
(PCB) have potentially low noise and temperature drift to
fulfil the requirements for a small-size tensor gradiometer
for satellite projects such as LISA [1]. Their advantage for
this application is that they are flat (<1mm) and thus allow
forming dB,/dy type gradiometer easily.

Measuring a dBx/dy gradient can be advantageous in
many other application situations. In [2], the authors used
two fluxgate sensors in dB,/dy configuration to suppress
the environmental noise and increase the sensitivity in
magnetorelaxometry-based detection of nanoparticles. An
array of CMOS-integrated dB,/dy fluxgate gradiometer for
the purpose of NDT was presented in [3].

Ist-order gradients with PCB sensors and 1-mm gradi-
ometric base were already measured in a device developed
for the detection of magnetic markers [4]. The short gra-
diometric base allowed for high spatial resolution, how-
ever, it degraded the noise performance (in the order of 10
nTrus/mHz @1Hz).

2 THEORETICAL ASPECTS

2.1. Gradient sensitivity, noise

The arrangement of a dB,/dy gradiometer is evident,
Fig.1 — two sensors with a sensitive axis in x-direction are
placed in a distance d (gradiometric base) to measure the
dB,/dy component of the magnetic field — the most
straightforward solution with fluxgate sensors is to use
two phase-sensitive detectors (PSD’s) and subtract their
outputs.

Let us have two sensors A and B, with sensitivities S,
and Sp, gradiometric base of d, and a gradient field with
values B,4 and B,z in a distance d. Then, we can write for
the gradient (derivative approximation for small )

d(B)_B,-B.
dy d

(1)

The voltage output of the two sensors sensing the two
field values of B, and B, is then

AV =B,S, -B,S, (2)

The sensitivity to gradient can be then expressed as
(3)

o[BI BuS-BuS,
dy B,-B,

The sensors need to be astatized, ie the sensitivities
matched, in order to suppress homogencous field response
and increase gradient sensitivity. Then, using one field
sensitivity S, we can write for sensitivity on gradient

S[—‘{w-’}:—m"78")54:54 (4)
dy B,-B,
d
* §
I —_ PsD2
- | : % mm L1 | psp DIFF |

Fig. 1. Configuration of a fluxgate sensor measuring dBx/dy —
layout and block diagram of simplest signal-processing

It is obvious that for short gradiometric bases, the sen-
sitivity is low, and consequently the field noise is high.
The gradient noise depends on the noise values of indi-
vidual sensors By and correlation between them. If there is
no correlation, we can write (in field units)

o[ 4B _(Bw B
dy | d

For matched sensors, the gradient noise is given by

(5)
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N[@} V2:B, (6)

dy d

From (6), we can see that the equivalent gradient noise
increases with decreasing the gradiometric base d.

2.1 Alternative sensor arrangements for measuring the
dB,/dy type gradient

The disadvantage of the arrangement in Fig. | is the
large common-mode field seen by both sensors when re-
covering small horizontal gradients. Although feedback-
compensating mode of both sensors can be used, there are
disadvantages: short gradiometric bases (tens of mm) can-
not be used because of mutual coupling of the compensat-
ing fields of respective sensors, and, the signal processing
chain still has to have large dynamic range to recover the
gradient reading. This was verified with the PCB sensors
used in [4].

With the use of a common coil, wound around the two
sensors (Fig. 3), new ways to measure the dB,/dy gradient
are possible.

As seen in Fig. 3(a), the output of one sensor can be
used to field-compensate its reading with the help of the
common coil. In this case, the second sensor senses only
the field gradient as most of the common large field is
compensated by means of the common coil.

The circuit in Fig. 3(b) adds the possibility to compen-
sate for the homogeneous (average) part of the field. Out-
puts of the two PSD’s are summed (yielding the homoge-
neous part), this signal is the control signal of the feed-
back loop. The ' part of the averaging term is simply part
of the feedback-loop gain, so the PSD outputs can be
taken directly without any correction for it. The difference
between the two sensors is then the dB,/dy gradient.

Finally, we introduce an original approach of using a
common pick-up coil - as seen in Fig. 3(c). The two sen-
sors are excited in opposite directions: in this manner the
common flux cancels and only differential flux due to the
field gradient can be sensed by the common pick-up coil.
The disadvantage of this approach is the large air flux
decreasing the sensitivity; however, this configura-

P. Ripka: PCB FLUXGATE GRADIOMETER MEASURING dB,/dy

tion is particularly suited for Vacquier sensors: by switch-
ing the polarity of the excitation coils, measuring both
homogeneous field and dB,/dy gradient would be possible
with no additional wiring.

Fig. 2. Noise of individual PCB fluxgate sensor used in the
gradiometer.

3 EXPERIMENTAL RESULTS

3.1 The used sensors and their arrangement

We used PCB fluxgate sensors with race-track core,
which are a direct development of the sensors presented in
[5]. The overall dimensions of each of the sensors are
35x16x1 mm, the sensor core is an amorphous material of
Vacuumschmelze, type 6025F. We used this material be-
cause of its perspective for low noise; however large exci-
tation current had to be used because of the low perme-
ability of the material (up to 3.6 A p-p with 25% duty-
cycle in pulse mode). The sensor noise is shown in Fig. 2
— the 1/f dependence is evident and for frequencies above
20 Hz, the field noise is below 10 pT.

To form the gradiometer, two of the PCB sensors were
arranged with a gradiometric base of 20 and 10-mm, re-
spectively (Fig. 1). The larger gradiometric base was cho-
sen to verify the noise parameters; 10-mm base was used
together with the common pickup/compensating coil.

PSD

Fig. 3. Special cases of gradiometric arrangement with one common coil — compensating the field sensed by one fluxgate sensor (a),
compensating the homogeneous field (b) and serving as pick-up coil for sensors with reversed excitation (c)
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3.2 Gradient noise with 20-mm gradient base

We measured the gradient noise by recalculating the
field noise by the factor of 1/d. The noise was measured in
a 6-layer Permalloy shield with Agilent 3570A FFT signal
analyzer. The sensors worked in open loop, similar results
were obtained for either subtracting outputs of two PSD’s
(Fig. 4), or for directly subtracting the sensor’s output
voltages at the lock-in amplifier input. Feedback-
compensating mode of both sensors was not used, because
of evident mutual influence of the feedback fields. The
combined noise spectra of the gradiometer in the range of
100 mHz up to 200 Hz are shown in Fig. 4, showing the
noise of 300pT,m/m/VHz at 200 Hz and 3.7 nT,/m/VHz
@ 1Hz. As for astatization of the sensors, their open-loop
sensitivities were matched by tuning each sensor output
voltage.

3.3 Gradient noise 10-mm base and a common compen-
sating coil

In this measurement, the sensors were arranged ac-
cording to Fig. 3(a). The gradient compensating coil was
fed by an integrator consisting of AD8671 operational
amplifier and a second SR-830 lock-in amplifier with
Fast-X output served as null-detector in the feedback loop
using the second sensor. The common coil was wound
around both sensors with 200-turns and 30-mm diameter.
The gradient response was taken from the first sensor,
whose output was demodulated again with SR830. The
gradient noise was measured as 8.2 nTrus/m/NHz @ 1 Hz,
thus we can conclude that the noise performance scaled
approximately with decreasing the gradiometric base and
was not further deteriorated by the compensating feed-
back-loop.

Fig. 4. dB,/dy gradient noise — two PSD outputs subtracted
by analog circuitry

3.4 Other configurations

We investigated the novel setup as described in
Fig 3(c). The gradient sensitivity was determined by an
indirect method — first, the sensitivity of the respective
sensor in homogeneous field with that coil was obtained,
then it was recalculated to gradient sensitivity according

to (4). However, the noise degradation was too high in
comparison to other setups (in the order of one magni-
tude). It was caused by the low sensitivity of the device —
preamplifier noise of the lock-in amplifier was dominating
(with 5nV/YHz white noise of the detector, we need a sen-
sitivity of at least of 0.5 V/T/m to reach 10 nT/m/Hz
gradient noise). In the future work, response of Vacquier
sensors should be investigated, as they allow much higher
coupling of the pick-up coil to the differential flux caused
by field dBx/dy gradient, increasing the sensitivity of the
Sensor.

4 CONCLUSIONS

PCB sensors can perform well when arranged to a
dBx/dy type gradiometer, taking the advantage from their
flat design minimizing the mutual coupling of the external
field-dependent flux (the used core is only one 25um sheet
of amorphous material). For a gradiometer with 20-mm-
base we measured 1-Hz noise power-spectral density as
low as 3.7 nT/m/VHz. Such noise is directly comparable to
that of flat-coil SQUID gradiometer presented in [6] with
an area of 200 mm?, which is similar to the occupied area
of the PCB gradiometer head. We also presented a novel
configuration of the gradiometer with only one pick-up
coil, which should be particularly suitable for Vacquier
sensor designs — however those were not investigated in
this work. Gradiometer astatization is another important
factor and thus the feasibility of each setup to suppress the
parasitic homogeneous field response should be further
investigated. A highly-homogeneus coil arrangement has
to be used to provide negligible field gradient in y-
direction.
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6.3 Field mapping with the PCB fluxgate gradiometer

A field-mapping instrument was developed usingRI@B sensors — measuring
the normal field component and thB,/oy gradient component— see Fig. 6.3. The
gap between the two PCB sensors could be heldnainlwith the help of two
washers. The PCB fluxgate sensors were operatgokin-loop.

The first mapping trials were carried out by a
bachelor student supervised by the author [Mraz
2008], who was able to use the gradiometer for
magnetic mapping of a 1-USD banknote which is
using magnetic ink [Rusanov 2009]. The sensorfiifto
was kept at 5-mm and the scanning step of the X-Y
positioning device was 2 mm — the resulting image i
shown in Fig. 6.4. The overlay of the gradient datd
the scanned scene was later improved by using & sma
Fig. 6.3 — The PCBB /oy Camera, which _provided the coordinates of the
fluxgate gradiometer measurement [Pribula 2011].

The following article"Magnetic markers detection using PCB fluxgate afra
[J11] was published in Journal of Applied Physit2009. The author describes the
performance of a scanning PCB gradiometedR)foy type, where the test objects
were either a superparamagnetic particle solutixeited by an AC field or a
magnetic-ink banknote with no field excitation. Téngthor constructed the fluxgate
gradiometer and carried out most of the presentedsarements excluding the
banknote mapping.

L 111809166
12 o tatsesnr

Fig. 6.4 — The mapped magnetic field gradient — 5 m liftoff — above the 1 USD
banknote. The 20 nT difference signal correspondsot 20 nT-mm’ gradient.
From [Pribula 2011].
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Magnetic markers detection using PCB fluxgate array
M. Janosek,”’ P. Ripka, and A. Platil
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published online 20 March 2009)

We used an array of race-track fluxgate sensors, manufactured with printed circuit board (PCB)
technology, forming a sensor head for detection of ferromagnetic and paramagnetic markers. The
sensors were arranged perpendicularly to the measuring plane and we measured the difference of
their output, giving us the horizontal gradient of normal component of the measured field. Due to the
close match of the sensor’s parameters, subtraction of the fluxgate output signals could be done
directly at the input of a lock-in amplifier, increasing the signal-to-noise ratio for small gradients.
‘When moving the sensor head, we were able to map field gradients smaller than 6 nT/mm, which
was verified while measuring the magnetic markers on a dollar bill, while suppressing the
background field by a factor of 5. In a line-scanning mode, we scanned a marker formed by a 0.2
mm diameter Permalloy wire in a distance of up to 10 mm. With the help of perpendicular ac
excitation at 30 Hz, we were able to detect a 0.1 ml Endorem iron-oxide superparamagnetic marker
at 2 mm; volume of 0.6 ml was detectable at 10 mm. © 2009 American Institute of Physics.
[DOL: 10.1063/1.3074780]

I. INTRODUCTION parameters, achieved by the PCB manufacturing process,
guarantees a good balance of the gradiometer.
In contrast to magnetic imaging, where the spatial reso-
lution is the main parameter, e.g., Hall scanning probe II. SYSTEM SETUP
1'1'1i::rcoscn:>p3,r.1 detection of magnetic markers requires in- )
creased reading distance. Reading distance, which was used _ We used PCB race-track fluxgate sensors of our design,
by Abdul et al.” to observe domain walls in ferromagnetic with [h? e of ﬂ mm X 15 mm, “_"“CF““S _of 1 mm, 68
material in ac mode with a Hall sensor, was 0.28 mm. It is t]";—"}‘:;t pldf’“p le“ 3 O] mrn; of e:fc'1t?t10ntf:2|],) "\I;emt?z N
always difficult to maintain this small gap, while moving the .( Ziexciiation Sigaa, an sensitivity of 460 V/T. "They
] . D form a sensor head, which was placed on a movable non-
sensor head or the object under test, which can have an un- . 3 S | :
: . — magnetic arm allowing positioning in the two-dimensional
even surface. Increasing the gap requires sensors with higher :
. . . . X plane. We used three (or two) PCB fluxgate sensors in a
sensitivity (Giant Magnetoresistors (GMR), Anizotropic . : g . .
i b configuration as shown in Fig. 1. The size of the sensor head
Magnetoresistors (AMR), and fluxgate), at the cost of losing A i o : % i o
ol Lui In d de. it i bl e 1 is even smaller than the single gradiometric racetrack sensor
spatial resol uuon: n de mode, it is possi le to measule? e used by our laboratory in dc magnetopneumography
remanent magnetization field of the magnetic markers, which experiments 7 The sensitive axis is perpendicular to the mea-
can bea s.lnp UF amcfrp%lous'malenal erananay of ferrimag- gyrement plane, so we are measuring the horizontal gradient
netic particles in printing ink. Detecting of superparamag- of the normal field component. The sensor head is less sen-
netic particles in biomedical markers requires ac excitation, sitive o misalignment of the sensors’ axes to the normal
as these particles have no remanent field. The resulting field
values can be lower than 1 nT in reading distance of several 0.8 1.0 mm
millimeters. These requirements for precise measurements in
the presence of ambient field clearly favor fluxgate
sensors.” Having a suitable shape, they can be used because
of their high resolution, superior de stability, and low noise at
room temperatures. They also do not suffer from the large
cross-field effect unlike the AMR sensors, used, e.g., by Tu-
manski and Linszka;® this allows using of perpendicular ex-
citation fields. Slim PCB fluxgate sensors allow a close spac-
ing of the sensors in the one-dimensional (1D) gradiometric

array and thus high spatial resolution, comparable to that 0+0, 0

used by Gn‘.igerf’ who integrated an array of fluxgate sensors B

with a pitch of 500 um. The good repeatability of sensor’s

“Author to whom correspondence should be addressed. Tel.: +(420) 2 2435 FIG. 1. Sensor configuration. The sensors are fastened together, eliminating
3964, FAX: +(420) 2 3333 9929. Electronic mail: janosem@fel.cvut.cz. differential tilt angle #,.

0021-8979/2009/105(7)/07E717/3/$25.00 105, 07E717-1 © 2009 American Institute of Physics
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BO5040302Y
B ner)

background field gradient

FIG. 2. (Color online) Magnetic field gradient measured 5 mm above a 1 US
dollar bill overlaid with the measured area. The scanning step was 2 mm,
and the bottom graph depicts background field gradient.

vector, as both of the sensors are at the same angle to the
measuring plane. As the design of the sensors is flat with
precisely drilled support holes, the possible error due to
cross-sensor misalignment is minimal by reducing the #; and
@p angles (tilt and yaw) in the gradiometric equation

B = (B + AB)sin(6 + 8,)cos(@ + ¢p). (1)

Because the sensor spacing is only 1 mm and the sensor’s
center is approximately at 15 mm above the measuring plane
when measuring in direct contact with the object, the differ-
ence of sensors’ readings gives almost precise information of
the measured gradient (e.g., in Ref. 3, there is a derived
correction term that depends on sensor spacing d and dis-
tance z from the measured dipole; for d/z<€ 1, the correction
term is negligible and the measured difference is a true gra-
dient reading).

Ill. SCANNING OF FERROMAGNETIC MARKERS

Operating in unshielded environment brings the prob-
lems of large bias fields including their variations. The com-
putation of the gradient suffers from the stability of the mag-
netometer channels and the resolution of the data-acquisition
system becomes critical. When the use of low-cost data ac-
quistion modules is desired, the direct gradiometric configu-
ration can help to suppress the large bias field and increase
the resolution.” The signal is being fed to a difference ampli-
fier and a second-harmonic detector processes the difference.
In our case, a Signal-Recovery 7265 lock-in amplifier and a
16 bit NI-USB 9215 data-acquisition module were success-
fully used. The sensors were placed 5 mm above the 1 US
dollar banknote, and the small area around the bottom-left
corner with sign “1” was examined. The repeatability of the
results was excellent, together with background gradient sup-
pression of approximately 1:5 in average, which is a good
result for an unshielded environment (Fig. 2). The obtained
difference was £30 nT full-scale, giving a full-scale horizon-
tal gradient of 30 nT/mm. These good results in direct
configuration could be obtained because of the well-
matching parameters of PCB fluxgate sensors,

J. Appl. Phys. 105, 07E717 (2009)
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FIG. 3. Measured gradients in the closest (upper) and 10 mm distance
(lower) when sweeping the sensor head around a 0.2 mm diameter Py wire.

As one of the possible applications is scanning of mag-
netic bar code, we tested the line (1D) resolution of the scan-
ning head with two sensors spaced by 1 mm. One axis of the
positioning device has been driven with a triangular wave-
form, sweeping linearly the sensor head across a 0.2 mm thin
Permalloy (NiFe) wire. In the “zero distance” (2 mm gap
between the sensor core and the object under test) the wire
marker was easily detectable [Fig. 3(a)]. The wire was still
detectable in a distance of 10 mm; however, the dipole char-
acter of the field was not observed anymore [Fig. 3(b)]. The
zero distance still corresponds to 2 mm due to the PCB tech-
nology of the sensor. We tried also to use three sensors with
a three-channel magnetometer of our design and computed
the two adjacent gradients by software, but the resolution of
the system was not sufficient, being mainly limited by the
data-acquisition module.

IV. DETECTING OF SUPERPARAMAGNETIC
MARKERS

Superparamagnetic particles are often used in biomedi-
cal applications.” ac excitation field and Superconducting
Quantum Interference Device (SQUID) gradiometer have
been used to locate superparamagnetic markers in a hospital
operating theater to detect breast cancer sentinel lymph
nodes. Our aim is to replace SQUID with a more practical
room-temperature fluxgate, and not to operate in pulse
mode.* We used the low cross-field sensitivity of race-track
fluxgate sensors and arranged the system according to Fig, 4,
with a sensor spacing of 2 mm (decreasing sensor spacing
decreases sensitivity in gradient configuration; however, the
resolution starts to be limited by the noise of the sensors).
First lock-in amplifier (Stanford Research Systems 830)
served as a second-harmonic detector, while the second one
(Signal-Recovery 7265) supplied the low frequency signal
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FIG. 4. System setup for detection of biomedical markers.

for external excitation field and detected the ac magnetic
field as measured differentially by the two fluxgate sensors.
The field of 200 T was applied using the Helmholtz coils.
The sensors were carefully aligned to minimize the cross-
field effect, and we measured the normal field component
due to the magnetization of the particles in the marker.

We used a volume of 0.6 ml (0.15 pmol), 15.8 mg/ml
Endorem, which is basically a colloidal solution of iron-
oxide particles in water, widely used for magnetic resonance
imaging of tumors. The container with the particles has been
swept in 5 mm vertical distance under the reading head, con-
sisting again of two fluxgate sensors in differential setup.
The marker could be clearly identified when measuring the
imaginary part of the lock-in output, and the maximum dis-
tance to detect the particles has been measured as 10 mm
(see Fig. 5). We decreased the excitation frequency from 200
Hz down to 30 Hz, where the signal-to-noise ratio was found
as highest. The detected difference field value, when com-
puted from the sensitivities of the two lock-in amplifiers, was
540 pT p.-p. in 5 mm distance, and 400 pT in 10 mm dis-
tance (Fig. 5), which gives gradients of 270 and 200 pT/mm,
respectively. The sample was further decreased; we dropped
0.1 ml (0.025 mmol) of the solution on a cotton-wool, form-
ing the phantom. In the distance of 2 mm, we were again
able to detect the marker (Fig. 6). For larger distances, the
signal-to-noise ratio was too low.

- Agilent Technologies

FIG. 5. 0.6 ml sample at 10 mm distance. Noise in the left side corresponds
to a difference of 50 pT p.-p.. and marker response in the right side to 400
pT p-p.

J. Appl. Phys. 105, 07E717 (2009)

Agilent Technologies

FIG. 6. Signal from a 0.1 ml Endoreme phantom at 2 mm distance from the
sensors. Difference field due to the marker corresponding to 370 pT p.-p.
The upper trace is the real part for comparison.

The sensor’s noise (~100 pT p.-p.) can be clearly iden-
tified in the static part of the figures, with the sweeping dis-
abled. In static mode, when the sample is not moved or
moved very slowly, the drift of the sensors and the electron-
ics has to be kept as low as possible.

V. CONCLUSION

The resolution of the PCB fluxgate sensors in dc gradio-
metric mode was better than 6 nT/mm, which allowed map-
ping the remanent field of magnetic ink used in a banknote at
the distance of 5 mm. At the same distance, we were able to
detect dipole character of a cut 0.2 mm Py wire. At 10 mm
distance, the spatial resolution starts decreasing due to clo-
sure of the flux lines; however, the presence of Py wire could
be still easily detected. Finally, we were able to detect
0.025 mmol of superparamagnetic Endorem particles on a
distance of 10 mm, when applying external, perpendicular
200 uT ac field of 30 (200) Hz. Our fluxgate gradiometer
thus may replace SQUID gradiometer in routine breast can-
cer operations; increasing the number of elements in the ar-
ray would allow larger S/N ratios than the achieved ones.
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7 A gradiometer with AMR sensors

The AMR sensors evaluated here were Honeywell HACl1land NXP (ex
Philips) KMZ 51, both of them off-the-shelf prodactTheir performance in
magnetometer and compass applications was studigdrnmermann 2005] and
[V¢elak 2006]. The HMC 1001 excels in low noise, bué do its low anisotropy
field it suffers from high crossfield error (Secti6.1). Both of these sensors benefit
from using the so-called “flipping” technique [Vdpésky 2003], where the
magnetic state of the permalloy strip is restorgdalstrong magnetizing pulse of
short duration (in the order of 10 — 1(0§).

It must be stated that an AMR magnetometer by fagsdnot approach the
precision of fluxgate sensors [Ripka 2010] — theidgl offset temperature
coefficient is between 2-10 nT*depending on sensor type and signal processing
[Platil 2003], [Ripka 2013] — see Fig. 7.2. Howevé&MR sensors offer the
following advantages in gradiometer construction:

A minimum gradiometric base according to the paoigagsize of the

gradiometer. In the case of KMZ 51, the package 85 mm — see Fig. 7.1.

The minimum length of the AMR element ensures malirarror if we

assume that the field is spatially integrated a&nosgnetic element length

[J13].

= The current consumption can be kept low withoytpilng or when using
low-frequency flipping (30 mW for unflipped and 160N for flipped
KMZ 51).

= AMR magnetometers were successfully tested and useda space

environment [Michelena 2010].

1.6 T T T T T T T

14 |

| 5mm

%0 0 o 10 20 30 40 50 60
temperature (°C)

Fig. 7.1- The size of the KMZ51

active element after disassembling Fig. 7.2 — Complex temperature dependence of flipal

its package. From [JanoSek 2014] KMZ 51 offset. From [Ripka 2013]
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7.1 CW metal detector with AMR gradiometers

The first paper below nametCW Metal Detector Based on AMR Sensor
Array” [W3] is a proceeding paper of the 2011 IEEE Senmsmmference. A
gradiometric 4x4 array constructed with KMZ51 sesseachoB,/0z gradiometer
having a gradiometric base of 40-mm, is presemeatticle. The two gradiometer
sensors are placed in such a way that the excitdigld inhomogeneity is
symmetric to both of them, and the excitation fielth therefore be compensated
using the internal compensating coils of the sensbie author’s original idea of
an array ofoB,/0z gradiometers with a feedback-compensated AC atiait field
was realized in a master’s thesis of [Vyhnanek 20mtler the author’s supervision
and an improved version of the detector was presedtthe conference. As for the
article, the author took care about synthesis ef risults and their presentation,
while most of the measurements were conducted byyhnanek.

The second following articléAMR gradiometer for mine detection]J2]
published in Sensors and Actuators in 2012 is aaneled version of the previous
conference proceedings article, explaining maingy grinciple of the homogeneous
field compensation in the gradiometer and bringsigpth evaluation of its
performance. The major author was Jan Vyhnanek, dthjanior PhD. student at the
author’'s group. The author’'s contribution was mairih supervising the
measurements, suggesting improvements to the nezasnt setup and revising the
text.

The instrument described in the following paperss vater developed by a
broader-based research group into a real-time riagay scanning device for
detecting of concealed structures in civil engiimegfZikmund 2013]. In Fig. 7.3,
the results of real-time scans of underfloor stited are shown (the scans cover an
area of 60x140 cfp

-]

55 05 S OF S 0 S 02 St 0L 5 O
cil e o i W e A

o oe

5w % 4 4 %
Line scerme ol

L]

Fig. 7.3 - The 2-D scans of underfloor heating pige— ferrous (left) and
aluminium (rotated, right) — from [Vyhnanek 2014]
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Abstract— We developed an eddy-current metal detectors with
Anisotropic Magnetoresistors (AMR’s) arranged in a 4x4 array.
The magnetoresistive sensors in a gradiometric configuration
are sensing the vertical component of the magnetic field - either
originating from magnetized ferromagnetic bodies or induced
by 1-kHz, alternating continuous-wave excitation. The AMR’s
are arranged so that the homogeneous Earth’s field and the
large excitation field can be suppressed. The mine-detector was
constructed as a standard portable device. The presented results
show that the performance is limited by the noise of the selected
magnetoresistive sensor. If the size of the sensor array was
increased, the system could form an advanced mine-detector for
quick, large-scale demining purposes.

I. INTRODUCTION

Modern metal detectors should not be only very sensitive,
but also very selective and be able to compensate the influence
of soils containing ferromagnetic particles as well as
electrically conducting medium when working in wetlands
and shallow waters. A pick-up coil is practically the only
sensor used to detect field variations caused by eddy currents
in a conducting object. It would be very desirable to replace it
by a smaller sensor, which would give better spatial resolution
and allow arranging of the sensors in scanning arrays for
speeding up the detection process [1].

Magnetoresistive sensors are the favorite for this purpose
as they became readily available and low-cost. A fluxgate
sensor might be used too [2], but the excellent noise
performance of a fluxgate is traded off for its complexity, cost
and size.

The main advantage of an AMR is its small size, which
allows to achieve much higher spatial resolution compared to
the traditional pick-up coil. When compared to other
magnetoresistive sensors (GMR, SDT), AMRs have an
advantage of low DC magnetic noise. Drawbacks of AMRs
compared to the pick-up coils are however numerous:
increased power consumption, 1/f noise, non-linearity,
perming, and necessity of periodical flipping.

In (3], authors described an advanced, eddy-current
handheld mine-detection system with SDT sensors using
pulsed excitation. The device was quite complex, however we
are not aware of any real-world performance data. As the low

978-1-4244-9289-3/11/$26.00 ©2011 IEEE

frequency noise of the SDT sensors is too high, it did not
allow for including the DC magnetic response.

II. DESCRIPTION OF THE METAL DETECTOR

Our metal detector is based on an array of 16 AMR
gradiometers, arranged in a 4x4 matrix, sharing a common
continuous-wave excitation coil. The metal detector is able to
sense the AC response to the excitation field and the DC
magnetic field, decomposed in 4 components. All of them are
available at one moment: Re and Im component of the AC
response, DC field gradient and DC homogeneous field
(mainly for calibration and verification purposes).

The electronics of the mine-detector is built on a modular
base with 19 blocks — the flipping generator, CW amplifier, 8
two-channel signal-processing blocks and finally the data-
transfer module (Fig. 1). On the search-head, the 16
gradiometers with KMZ51 sensors in 4-cm distance are
arranged in a 4x4 matrix. The size of the search head is approx
35 cm in diameter (Fig. 2A), the coil generates a 1-kHz AC
field of 150 pT amplitude.

SIGNAL BUS AND POWER SUPPLY

A A A ry
5P BUS
¥ v X x Y ¥
cw FLIPPING SIGNAL DATA
AMPLIFIER GEMNERATOR PROCESSING TRANSFER
(1 kHz) (30 kHz) (16 channels) MODULE
a » ec
X
ToFUP COLS
18x
SENSOR
EXCITATION MODULE
con
SEARCH
HEAD
Figure 1. Building blocks of the mine-detector

For a reliable operation the sensors should be periodically
flipped, otherwise the stable monodomain state could be
corrupted by field or temperature shocks and performance of
the sensor would deteriorate. The flipping frequency (30 kHz)
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was relatively high to avoid overlap with signals resulting
from the main excitation field of 1 kHz.

Every signal-processing channel consists of the respective
synchronous detectors (30 kHz, | kHz Re and Im), a PI
feedback regulator, amplifiers and filters. Each 2 channels
share a 24-bit delta-sigma AD converter ADS1278 (Fig. 2B)
with 96 samples/second, giving 48 Hz alias-free bandwidth.
The Earth’s field and most of the 1 kHz excitation field are
compensated using the internal feedback coils of the KMZ51
by the negative feedback-loop with the “distant™ sensor as
reference. The detailed principle of each gradiometer was
described by the authors in [4].

Figure 2. A — the sensor head with 4x4 matrix, B — electronic with 2
channels. The upper sensor is the “distant”, the lower “close” sensor is
hidden in the search-head frame to be as close as possible to scanned object

The data from all 16 channels (64 values) are
simultaneously transmitted using daisy-chaining via USB to
the host computer for postprocessing in LabView
environment.

111 LABORATORY RESULTS

A, Noise performance

Noise performance was tested with one of the
gradiometers. After increasing the flipping pulses to 2.9A
peak-peak [6, 7], we obtained 1-kHz noise of 200 pTNHz
(limits detection of diamagnetic objects) and 2 nT/vHz at 1 Hz
(DC field response of ferromagnetic objects). The noise
figures are shown in detail in [4] and correlate with those
published in [8] — as we did not find any significant coherence
between the two AMR sensors noise, the influence of the
commen current-source was negligible. For the perspective
use of an AMR with lower noise (HMCI001 was shown to
have 15 pTI\'Hz @ 1 kHz [9]), we face two problems:

e the noise of the electronics is 150 pT/vHz at 1 kHz,
and is mainly limited by the noise of the
instrumentation amplifier sensing the bridge output.

. the internal feedback-coil constant of HMC1001 is
low, excessive current would be needed for each
channel to compensate Earth’s field

The solution of the electronic noise is only by increasing
the AMR gain (by applying larger supply voltage — up to 8V
for KMZ51, up to 10V for HMC1001) or by selecting a better
instrumentation amplifier.

As the compensating current of the HMC1001 is tens of
mA’s for the Earth’s field, the power consumption of the
device would significantly increase (the feedback coil constant
of KMZ51 is 10x larger), causing further problems in power
consumption of a portable instrument

Further reduction of the noise is possible by averaging: for
1 second, we should be able to lower the noise 10x as we are
sampling at 100 samples/s. It was however not used as we
required dynamic performance of the detector.

B. Response to test object

Figures 4 and 5 show the response in 3, 6 and 9-cm depth
to an empty Kalashnikov shell, which was moved in a 5-cm
grid below the sensing head (Fig. 3). Tt can be seen that for the
steel shell, the DC response is 3-orders of magnitude larger;
however both the DC response and Im part of the AC response
are similar, allowing to identify the position of the shell with a
single scan (Fig. 6).

Figure 3. Measuring the response to the test object

During tests, it turned out that even for measuring field
“gradient”, the response of distant objects is 1/r* and not 1/%;
in most cases the response falls quickly enough so that the
“distant” sensor measures only Earth’s field or the excitation
field, and does not see the object’s response measured with the
“close” sensor (Fig. 2A).

o
ylem)

Figure 4.

IM part of the AC response —Kalashnikov shell in 3, 6 and 9-cm
depth
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O

Figure 5.  DC response — Kalashnikov shell in 3, 6 and 9-cm depth

The maximum detection depth of the steel shell was 13 cm
and of an 5x5¢m aluminum plate it turned out to be 20-cm. In
both cases, the sensor noise was the limiting factor.

IS FIELD TEST

To exclude the laboratory noise, the mine-detector was
rearranged to a portable, battery-powered device. However
due to large power consumption (~20W) and moderate weight
(5kg), the portability was somehow affected (Fig. 6A). For a
real-world application, it turned out that an average of all 16-
sensors was helpful to create an thresholded alarm, and that
the position of the sensing head should be determined in some
means [10] to incorporate averaging during multiple sweeps.
Fig. 6B shows the response to sweeping over Khalasnikov
shell with decreasing distance from 20 cm down to lem.

V. CONCLUSION

The presented mine-detector shows that it is possible to
build a CW-metal detector with AMR sensors — the main
problem of compensating the excessive excitation field
amplitude was solved. The 4x4 array of gradiometers proved
usable for small, shallow objects, for more distant targets an
average from all 16 sensors was helpful. As the mine-detectors
is able to produce 4 physically meaningful outputs from each
channel, the system is overdetermined and it should be
possible to improve the detection performance by
mathematical postprocessing, which is out of scope of this
paper.

The detection depth is mediocre, a noise reduction of at
least one magnitude is needed. This is possible with another
type of AMR sensor, however the power consumption would
then disqualify this type of mine-detector from being portable.
In this case re-arranging the sensing head to a larger array, ora
single-line scanner, would allow to create a highly efficient,
large-scale detection system, which could be towed or moved
by other means.

Michal JanoSek

Figure 6. A — the portable version of mine-detector during field tests, B — 16-ch
response to sweeps 20 to 1 cm above a steel shell (highlighted with 3 M )
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Anisotropic magnetoresistors (AMRs) are used to build an advanced mine detector. The sensing head
involves a gradiometric pair of AMR sensors and a continuous-wave driven excitation coil, so the gra-
diometer is capable of detection of ferromagnetic materials as well as diamagnetic metals. The sensors
are specially arranged to suppress the large AC-excitation field, so the mine detector senses both DC and
AC field gradient responses of the object of interest. Being limited by the sensor and electronics noise of
268 pT/,/Hz at 1 kHz, we were able to detect a 50 mm x 50 mm x 1.5 mm aluminum test objectin a 20cm

Mine detection
Magnetic sensors
AMR
Gradiometer
Eddy currents

1. Introduction

Mine detectors used for clearing landmines and other explosive
remnants are in most cases specialized metal detectors constructed
to reveal even minimum metal mines in electromagnetically diffi-
cult soils. They are nearly exclusively based on eddy currents and
use induction coils for sensing the metallic parts of mines. They
detect conducting objects very reliably, but they fail to discriminate
dangerous objects from the scrap metal. The work of deminers is
often very slow, as they have to carefully excavate each concealed
metal object [1].

To distinguish metal parts of mines from other metal objects
the AMR gradiometer uses sensors with high spatial resolution to
discriminate objects by the recognition of their shape and dimen-
sions. This process requires scanning, which is however already
performed by deminers naturally by sweeping a detector head
from side to side while searching for mines. For the effectivity
of the scanning process multiple sensor array should be used, as
was demonstrated by non-destructive testing systems [2,3]. Sens-
ing both DC and AC magnetic field response should contribute to
better characterization of the object. Even when some parts of a
ferromagnetic object have corroded and lost its conductivity, they
still can be detected by steady-state magnetic fields.

The proposed gradiometer benefits from the simple design of
commercially available AMR sensors and printed circuit board
(PCB) technology. It can operate with a 1-kHz continuous-wave

* Corresponding author.
E-mail address: vyhnajan@fel.cvut.cz (J. Vyhnanek).

0924-4247|$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.5na.2012.03.007

depth using a 150 pT, 1-kHz excitation field.

@© 2012 Elsevier B.V. All rights reserved.

excitation field, so non-magnetic metals can be detected in the AC
part of the gradiometer output in addition to ferromagnetic met-
als that affect the DC part. The gradiometric arrangement allows
to measure the weak gradient field of the object of interest, while
suppressing the strong excitation and Earth’s field.

A similar mine detector with spin dependent tunneling sensors
(SDT) was presented in [4], however it worked with a pulsed field
and the DC noise of the SDT sensors disqualifies them from the com-
bined DC and AC response sensing. An AMR sensor working with
a harmonic excitation field was used for non-destructive testing
[5] and dealt with reduction of the sensor noise as the main factor
limiting the sensitivity, but it did not solve the suppression of the
Earth’s magnetic field needed for the DC gradient sensing.

2. Gradiometer principle

AMRs of the KMZ51 type (NXP, ex. Philips) are thin-film permal-
loy sensors with magnetoresistive elements configured in a full
bridge and with the on-chip flipping and compensation coil. They
detect the magnetic field component along the sensitive axis, the
sensitivity reaches up to 130mV/(A/m) for the maximum 8-V
bridge supply. Two AMRs are arranged in the distance of 40 mm,
forming a vertical dBy/dx gradiometer (Fig. 1). The two gradiomet-
ric sensors in a SO-8 package are soldered on the PCB together with
signal preamplifiers (total gain of 1000x ).

As a proper mine detector needs to sense diamagnetic met-
als too, we added a continuous-wave driven excitation coil and
solved the most difficult part of suppressing the large excitation
field, which is needed for the proper detection depth. The coil is
symmetric to the gradiometric sensors and it is fed with a 1-kHz
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Compensation AMR
Measuring AMR

Excitation coil
with excitation field

\ \,

Metal object
* - and response of

eddy currents

Fig. 1. Gradiometer combined with the excitation coil form the detector head. The
compensating and measuring sensors of the gradiometer are symmetrically placed
on bath sides of the excitation coil.

harmonic signal resulting in an AC field of about 150 .T amplitude.
The first (measuring) AMR sensor is located on the sensitive side
of the detector head and experiences the same excitation magnetic
field as does the second (compensation) sensor. Without any defor-
mation of the excitation or Earth’s field the gradiometer response
is near zero, limited by the gain of the PI controller in the feedback
loop (Fig. 2).

101

Choosing the coil diameter is not a simple task: for a given
excitation current, a small coil provides stronger magnetic fields
to a small distance, while a larger coil delivers weaker fields to
greater distances. Coils with the diameter in the range of centime-
ters are used in non-destructive testing for the detection of small
near-surface cracks in metals [6,7], while a coil of 1-m diameter is
employed for the detection of large deeply buried bombs [1]. The
selected diameter of 27 cm is a compromise and should be suitable
for both minimum metal mines and bombs close to the surface; this
coil diameter is also common to commercial mine detectors.

3. Gradiometer circuitry

In order to assure the magnetic state of the AMR sensors and
to improve the stability of its parameters, the AMR sensors are
periodically remagnetized — “flipped” at 30 kHz. The sensor field
response becomes modulated (Fig. 3), therefore the signal process-
ing is shifted to a less noisy frequency band of the amplifiers. High
flipping pulses (1.5 A peak) are used in order to lower the sensor
noise [8] while keeping the maximum power dissipation by a low
duty-cycle.

Synchronous demodulators with the reference signal of 30 kHz
provide reconstruction of the flipped output of the AMR sensors.
The 30-kHz demodulation stage is followed by a sampling circuit
using a switched integrator, which is inactive in the noisy time
intervals, where the sensor output is recovering after a flipping

GRADIOMETER

- - - — — — "

| | FEEDBACK CONTROLLER
= | | =
= AMR BRIDGE
o] SYNCHRONOUS
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Fig. 2. Functional diagram of the gradiometer operating in the excitation coil. Gradiometric function is obtained by connecting the on-chip compensation coils of the

“measuring” and “compensated” sensors in series.
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Fig. 3. Sensor output (top trace) and the reference (middle) of the switched inte-
grator suppressing the noisy intervals after flipping pulses (bottom trace).

pulse [9]. The sensor connected to the feedback regulator is main-
tained in a zero magnetic field by the compensation coil current
from DC up to 1 kHz. The compensating current flows through the
serially connected compensating coils of both AMR sensors, so the
output of the second (measuring) sensor is proportional to the mag-
netic field gradient. Suppressing the excitation field in addition to
the suppression of the Earth’s DC field by the compensator allows
using higher excitation fields, therefore provides a reserve in DC
gradient measurements and possibly an improvement in /N ratio.

There are four relevant outputs of the gradiometer: the DC field,
DC field gradient and the AC field gradient decomposed into the
real and imaginary parts. The DC field magnitude (homogeneous
part compensating both sensors) is sensed on a shunt resistor in
the feedback loop and can be used for correcting for the spurious
sensitivity on the Earth's field due to non-orthogonalities of the
gradiometer.

4. System noise

The noise of the measuring channel, which consists of a KMZ51
sensor, an AD621 preamplifier and a 30 kHz demodulator, is shown
inFig.4 - it wasdetermined as 3.1 nT/,/Hz @1 Hz and 268 pT/,/Hz @
1kHz, respectively. When the feedback compensation is switched
on (as in the normal operation), the noise increases by 19% @ 1Hz
and 38% @ 1 kHz. This roughly corresponds to a noise increase due
to adding an uncorrelated noise signal with the same standard devi-
ation, which comes from the second (compensation) AMR sensor
in our case. We could confirm the lack of correlation by the coher-
ence measurement - the compensating current did not show any

B [T/rtHz]

-10

10" 10" 10 10 10
1[Hz)

10

Fig. 4. Noise of the AMR sensor KM251 after the first demodulation (bottom trace),
the influence of the feedback compensation (top trace). Noise level decrease above
1kHz is caused by the low pass filter of the demodulator.
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Fig. 5. Coherence of the compensating current and the measuring sensor output,
the region of the near zero coherence continues up to 1 kHz.

significant coherence with the signal from the measuring sensor
(Fig, 5).

The 1/f noise of the sensor dominates in DC field measurements
and decreases with the frequency. At higher frequencies, the system
noise can be already limited by the instrumentation amplifier noise
and resistive thermal noise of the bridge elements:

By = % \/4kTR +VZg (vm,/c;)Z + (iR)% /2 (1

The noise spectral density thus decreases with the lower resis-
tance of the AMR bridge (R) and higher sensitivity (S}, which can
be augmented by a higher bridge bias voltage. The most critical
parameters of the instrumentation amplifier are the input voltage
noise (V,;), output voltage noise (Vp,), current noise (I;) and the
gain (G). For the KMZ51 and AD621 instrumentation amplifier, this
would yield 137 pT/,/Hz noise spectral density which corresponds
to the measured electronics noise - the 1-kHz electronic noise was
141 pT//Hz in this case, and was mainly limited by the 10 nV noise
of the instrumentation amplifier. As we did not notice any further
improvement in the noise level of the KMZ51 when increasing its
gain by a higher bridge supply voltage, we can conclude thateven at
1 kHz we were measuring the intrinsic magnetic noise of the sensor
[10].

Further improvement in the noise performance is possible by
using another type of AMR sensor [11]. With the AMR sensor
HMC1001 and the low-noise instrumentation amplifier INA103 we
were able to achieve 33 pT/,/Hz @ 1kHz, however the power con-
sumption disqualifies these components from the application in
an advanced handheld metal detector using multiple of these gra-
diometers in an array.

5. Detection performance

The gradiometer output was tested on aluminum and ferrous
objects in different distances. The best approximation curve for
both AC and DC gradient responses resulted in x 3. Compared to
conventional metal detectors with an induction coil (e.g. Schiebel
ATMID), the AMR gradiometer with KMZ51 sensors has still about a
half of the detection depth. An aluminum object of 5 x 5cm could be
recognized from the noise level at the gradiometer AC output up to
the distance of 20 cm. A ferrous nail 3 cm long and 3 mm thick could
be recognized in the DC gradient signal up to the 10 cm distance.

Graphs of the spatial resolution (Fig. 6), measured with the
27-cm-diameter excitation coil, confirm that the gradiometer
responds to the local magnetic field disturbance, rather than the
possible changes of the excitation field caused by the changing
inductance of the coil. Therefore it is possible to use an array of
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Fig. 6. Single gradiometer scans showing the spatial resolution - a 10 mm diameter stainless steel sphere at distances of 4 cm, 6cm and 8 cm (AC gradiometer response).

gradiometers inside a single large coil (Fig. 7) - we built a prototype
of such a metal detector which is a subject of further investigations
[12].

However, as the AMR sensors in the gradiometer have their sen-
sitive axes not perfectly coaxial, the gradiometer is still sensitive to
homogeneous fields. Due to limited soldering accuracy and with no
factory specifications of the sensitive axis deviation to the package
frame of the sensor, the parasitic sensitivity will also differ for each
gradiometer. For one gradiometer it was determined by calibra-
tions to be 150 nT/50 T (output change caused by rotation in the
Earth’s field). The mine detector will be operated by sweeping in
the horizontal plane; therefore at higher latitudes (e.g. the most of
Europe) the main part of the Earth’s field is vertical to the detector
head: this linear dependence can be then used for correcting of the
DC response using the homogeneous field magnitude (one of the
four gradiometer outputs). The AC output of the gradiometer was

Fig. 7. The array of gradiometers with AMR sensors KMZ51 in a prototype mine
detector.

found not to be affected by homogeneous fields, as the excitation
field direction is stable.

6. Conclusion

The presented gradiometric mine detector uses AMR sensors of
KMZ51 type for metal detection together with 1-kHz continuous-
wave excitation. As the gradient response of ferromagnetic and
diamagnetic objects falls with distance approximately with a 1/r*
rule, the most limiting factor of the maximum detection depth
is the sensor noise - in our case we can detect a 50 x 50 mm
aluminum plate up to 20cm depth only being limited by the
268 pT/,/Hz sensor and electronics noise at 1kHz, which trans-
lates to 6.7 (nT/m)/,/Hz gradient noise. Further improvement of
the detection depth is possible when using AMR sensors with a
lower noise at the cost of increased current consumption. Prospec-
tively, the high spatial resolution of AMR sensors should allow to
recognize objects by using signals from a sensor array.

Acknowledgement

This research was supported by the internal grant of the Czech
Technical University in Prague, SGS10/205/0HK3/2T/13 “Compact
sensors of magnetic field gradient - development and application”.

References

[1] D. Guelle, A. Smith, A. Lewis, T. Bloodworth, Metal Detector Handbook for
Humanitarian Demining, European Communities, 2003.

[2] DS. Benitez, S. Quek, P. Gaydecki, V. Torres, A 1-D solid-state-sensor-based
array system for magnetic field imaging of steel reinforcing bars embedded
within reinforced concrete, IEEE Transactions on Instrumentation and Mea-
surement 58 (2009) 3335-3340.

[3] S.Tumanski, A. Liszka, The methods and devices for scanning of magnetic fields,
Journal of Magnetism and Magnetic Materials 242 (2002) 1253-1256.

[4] RJ. Wold, CA. Nordman, E.M. Lavely, M. Tondra, E. Lange, M. Prouty, Devel-
opment of a handheld mine detection system using a magnetoresistive sensor
array, Proceedings of SPIE 3710(1) (1999) 113-123.

[5] D.F. He, M. Tachiki, H. Itozaki, Highly sensitive anisotropic magnetoresistance
magnetometer for Eddy-current nondestructive evaluation, Review of Scien-
tific Instruments 80 (2009), 036102-1-036102-2.

-B53 -



Precise gradiometer suitable for space applications

Michal JanoSek

104 . Vyhndnek et al. [ Sensors and Actuators A 186 (2012) 100-104

[6] T.Dogaru,S.T.Smith, Giant magnetoresistance-based eddy-current sensor, IEEE
Transaction on Magnetics 37 (2001) 3831-3838.

[7] R. Sikora, T. Chady, S. Gratkowski, M. Komorowski, K. Stawicki, Eddy
current testing of thick aluminum plates with hidden cracks, Review
of Progress in  Quantitative Nondestructive Evaluation 20 (2003)
427-434.

[8] H. Hauser, P.L. Fulmek, P. Haumer, M. Vopalensky, P. Ripka, Flipping field and
stability in anisotropic magnetoresistive sensors, Sensors and Actuators 106
(2003)121-125

[9] P. Ripka, M. Vopalensky, A, Platil, M. Doscher, K.M.H. Lenssen, H. Hauser, AMR
magnetometer, Journal of Magnetism and Magnetic Materials 254-255 (2003)
639-641.

[10] N.Stutzke, S.E. Russek, D.P. Pappas, M. Tondra, Low-frequency noise measure-
ments on commercial magnetoresistive sensors, Journal of Applied Physics 97
(2005), 10Q107-1-10Q107-3.

[11] E.Zimmermann, A. Verweed, W. Glaas, A. Tillmann, A. Kemna, An AMR sensor-
based measurement system for magnetoelectrical resistivity tomography, IEEE
Sensors Journal 5(2) (2005) 233-241.

[12] M. Janosek, ]. Vyhnanek, P. Ripka, CW metal detector based on AMR Sensor
Array, IEEE Sensors 2011 - Proceedings. pp. 1515-1517.

Biographies

Jan Vyhndnek was born in Prague in 1987. Received the engineering degree from
the Faculty of Electrical Engineering, Czech Technical University in Prague in 2011,
currently a student of PhD at the Dept, of Measurement. His main fields of interest
are magnetic sensors and their applications in detection of metal objects.

Michal Jano3ek, born in Varnsdorf in 1980, graduated from the Faculty of Electrical
Engineering, CTU in Prague in 2007 at the Dept. of Measurement. He is working as
a junior researcher and PhD candidate at the same department. His main research
activity is the application of magnetic sensors in gradiometers and further develop-
ment in PCB fluxgate sensors.

Pavel Ripka was born in Prague in 1959. He received an Engineering degree in 1984,
a CSc (PhD equivalent) in 1989, Associate Prof. in 1996 and finally Prof. in 2002. He
was elected the dean of the Faculty of Electrical Engineering, CTU in Prague in 2011.
He continues to work at the Department of Measurement as a Professor, lecturing in
Measurements, Engineering Magnetism and Sensors. His main research interests are
magnetic measurements and magnetic sensors, especially fluxgate. He is a co-author
of 4 books and >200 scientific papers.

7.2

The following paper‘’Low frequency noise of anisotropic magnetoresistor
DC and AC-excited magnetometerBV2] was published in proceedings of the
2013 IOP conference “Sensors & their Applicatioristlescribes the improvement
in low-frequency noise of the HMC 1001 sensor wptriodic flipping and was
motivated by the need of improving the scanningrumsent presented above — its
power consumption and noise, given by the 30-kkipiihg and the KMZ 51 noise,
were sought to be improved using HMC 1001 and reduthe flipping rate or even
operating the AMR sensor without flipping.

Performance of the AMR in the metal detector

Unlike other authors, who found no improvementld AMR noise, we have
clearly shown an advantage of flipping: the noiserdased to almost one half of
the level when there is no flipping. The measuramarere done by J. Vyhnanek,
author’s contribution was in the theoretical cadtiains, synthesis and publication
of the results.
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LOW FREQUENCY NOISE OF ANISOTROPIC
MAGNETORESISTORS IN DC AND AC-EXCITED
METAL DETECTORS

J Vyhnanek, M Janosek, P Ripka
Czech Technical University in Prague, Technicka 2, 166 27 Prague, Czech Republic
E-mail: vyhnajan@fel.cvut.cz

Abstract. Magnetoresistors can replace induction sensors in applications like non-destructive
testing and metal detection, where high spatial resolution or low frequency response is
required. Using an AC excitation field the magnetic response of eddy currents is detected.
Although giant magnetoresistive (GMR) sensors have higher measuring range and sensitivity
compared to anisotropic magnetoresistors (AMR), they show also higher hysteresis and noise
especially at low frequencies. Therefore AMR sensors are chosen to be evaluated in low noise
measurements with combined processing of DC and AC excitation field with respect to the
arrangement of processing electronics. Circuit with a commercial AMR sensor HMC1001 and
AD8429 preamplifier using flipping technique exhibited 1-Hz noise as low as 125 pT/VHz.
Without flipping, the 1-Hz noise increased to 246 pT/VHz.

1. Introduction

Magnetoresistors (MR) fall between Hall sensors and induction sensors in terms of sensitivity and
noise. Unlike induction sensors, MRs have the frequency response starting from DC and they are
therefore favorite sensors for non-destructive testing devices which detect deeply buried cracks [1].
MRs have small dimensions and high spatial resolution which allows to build array arrangements
which can be used for metal detection and object recognition [2]. They are also readily available in
commercial packaging as electronic components.

The limiting factors for these applications are the noise of the sensor, gain temperature drift,
hysteresis and also offset temperature drift when sensors are used at low frequencies or DC. These
parameters limit the detection depth in metal detection and non-destructive testing. Noise can be
generally filtered by averaging, however this affects the speed of operation and temperature drifts
become more pronounced. There are generally three competing magnetoresistive technologies: giant
magnetoresistive (GMR), tunneling magnetoresistive (TMR) and anisotropic magnetoresistance
(AMR) sensors. In the case of GMR and TMR, the hysteresis and noise are generally higher [3] than
for AMRs, which are subject of this study.

We focus on the sensor noise which disqualifies MRs in favor of induction coils, whereas other
parameters speak for MRs — they have small size with high spatial resolution and they are mass
produced devices available in packages for assembly in printed circuit boards, so that they can be
casily used in arrays [4]. A widely used technique of improving of the AMR sensors parameters is the
so called flipping — periodic remagnetization of the sensor by applying large bipolar magnetic field
pulses. With the magnetization of opposite polarity the output characteristic is reversed — “flipped”.
Flipping was shown to improve the offset and gain temperature stability and to reduce crossfield

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
or of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL
Published under licence by IOP Publishing Lid 1
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sensitivity of the sensor [5]. Metal detector noise was investigated in three possible circuit
arrangements with and without flipping - their effects on AC and also DC detector noise were studied.

2. Measurement setup

For experimental measurements, AMR sensor HMC1001 (Honeywell) was used. This sensor has still
the best available noise specifications from the off-the-shelf magnetoresistors. It is a barber-pole
sensor with MR elements with 850 ohms resistance arranged in a full bridge, featuring on-chip
flipping and compensation coils for feedback operation. The sensitivity is 140 V/T for the selected
supply voltage of 5.5 V. As the sensitivity is low, the contribution of the noise of the processing
electronics is not negligible. Electronics noise could be removed by the crosscorrelation technique [6],
it is however not practical (speed of measurement).

The typical choice for the signal processing of an AMR bridge is a low noise instrumentation amplifier
(Figure 1a). We chose AD8429 with a 1 nV/VHz input voltage noise (gain = 100x) and 1.5 pA/vHz
current noise. Due to the high common mode of the bridge, the instrumentation amplifier cannot be set
to the full voltage span therefore another amplifier with the gain 10x was connected as the last stage.
A similar arrangement was evaluated in [7] where the high bridge supply of 24 V was applied in order
to achieve higher sensitivity and lower noise; however 24V is impractical due to sensor heating,.

AMR sensor exhibits two significant types of noise: the 1/f type magnetic noise and the white thermal
noise. The white magnetic noise is still some orders of magnitude below the thermal resistive noise of
the bridge elements; therefore it is not further taken into account. Whereas the 1/f noise affects low-
frequency measurements and depends on the manufacturing process, the white noise influencing AC
measurements can be predicted by the bridge resistance and parameters of the instrumentation

amplifier.
Flipping

| frip

Synchronous
demodulator

Excitation coil Excitation coil

Figure 1a - Direct measurement Figure 1b - Measurement setup with flipping

The commonly used method for improving the parameters of an AMR sensor is the so-called
“flipping”: the sensitive magnetic layer of the AMR is remagnetized in the opposite direction, thus
reducing the hysteresis and eliminating the temperature offset drift of the sensor and AC electronics.
For processing the output signal in the flipped mode where the output becomes modulated, a
synchronous demodulator is used — Figure 1b. The demodulator in our case includes a switched
integrator which eliminates noisy spikes in signal when the sensor is being remagnetized [3] — Figure
2a.

The noise was measured with the Agilent FFT Analyzer 35670A in all cases, without any further
amplification, using DC-coupling, 100 averages and a Hanning window. The sensor together with
amplifier stage was placed in a 6-layer magnetic shielding can with 100.000x attenuation of the
ambient magnetic field noise.

3. Experimental results

3.1. Noise of the electronics

The noise of the electronics was evaluated by connecting a dummy bridge made of resistors of the
same value as the MR elements in HMC1001 (850 Q). Figure 2b shows the noise spectrum obtained at
the output of the amplifier (input of the synchronous demodulator in Figure 2a). The 1/f noise with the
equivalent of B = 95 pT/VHz at 1 Hz (recalculated using sensitivity S = 140 V/T) is dominantly due
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to the instrumentation amplifier noise. The white noise with the equivalent of 30 pT/VHz results both
from the bridge thermal noise and the voltage and current noise of the instrumentation amplifier.

The expected white noise of the electronics Brw can be calculated as

Béw = (SVR )2 + (SVN f + (SRIN )2 (1)

By :S‘\/(VR)E +(vy )Z +(RIN)Z (2)

where Vy is the resistor voltage noise, Vy is the amplifier voltage noise and Iy is the amplifier
current noise.

5 _laov (4.12;;1/}2{ Inv ]2 +[1.5;:A-850§2J2 i 70T 3)
EW 1 VHz VHz VHz NI

which matches the measured amplifier noise in Figure 2 (b).
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Figure 2. Synchronous demodulator schematics (a) and comparison of noise of the electronics at
amplifier output and demodulator output (b)

The noise of synchronous demodulator was measured at the demodulator output with a 10-kHz
reference and the same dummy resistor bridge. The spectrum shows an increased white noise level of
40 pT/AHz. This was identified as the effect of the switched integrator used in the windowing circuit
with the time window set to 70%. With the time window of 100%, the white noise level was 32
pTAHz. In the demodulator spectrum there is no 1/f noise of the instrumentation amplifier, due to the
fact, that the frequency range was shifted by the 10-kHz demodulation frequency.

Knowing the electronic noise, the noise measurements were done using three different circuit
arrangements.

3.2. Direct measurement

This arrangement with simple electronics is depicted in Figure la. The output of the AMR bridge is
directly amplified. It has the full frequency span limited only by the corner frequency of the amplifier
stage. The eventual feedback compensation, which eliminates gain drift and improves linearity, can be
realized with a single-opamp PI controller. In this case, the 1/f sensor noise was dominating, the total
noise value By, = 246 pT/VHz at 1 Hz (Figure 3b).

From the measured values, we can estimate the 1-Hz noise of the sensor itself (Bg,) as
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This result is in agreement with values published in [5]. The 1-kHz white noise, which would
dominate in the AC application, is approx. the same as the electronic noise - 32 pT/VHz.

If we use this mode, a single remagnetizing pulse should be performed at least while switching on the
device to assure the magnetic state of the sensor.

S

3.3. Modulation — flipping

The block diagram is shown in Figure 1b, the flipping current and output waveform are shown in
Figure 3a. By using flipping at 10 kHz with peak-to-peak amplitude of 3.6 Amps, the output signal
was modulated and shifted to the white-noise frequency range of the instrumentation amplifier. The
resulting noise of 125 pT/VHz at | Hz (Figure 3b) makes flipping the obvious choice for precise DC
field measurements, avoiding the offsets and 1/f noise of the instrumentation amplifier. When
compared to 1/f noise of the amplifier and non-flipped sensor (4), the noise clearly further decreased:
flipping improved also the low-frequency noise of the magnetoresistor.

[ — No flipping (amplifier output) ]
—— Flipped (demodulator output)

Noise PSD (T/\Hz)
=
2

10 w' 10 0
Frequency (Hz)

(b)

Figure 3 — Modulated output signal of flipped AMR (a) and comparison of overall noise with direct
measurement (b)

However, flipping is power-demanding as the narrow current pulses have to have an amplitude of
several amperes in order to properly magnetize the sensitive layer and reduce the 1/f noise [5]. The
maximum allowed power dissipation allows maximum flipping frequencies in the order of tens of
kHz, limiting the measuring frequency range. It is however possible to use a lower flipping frequency
and higher excitation frequency.

3.4.D. Sensor as rectifier

A flipped sensor can be used as a rectifier [8], basic block diagram is presented in Figure 4a. If the
flipping frequency is derived from the excitation frequency, the excitation signal is synchronously
rectified and the output signal looks like in Figure 4b. The excitation frequency is evaluated with a
simple low pass filter connected to the output of the amplifier stage, thus eliminating complex
detection circuitry.

A simple feedback compensation is however possible only for a DC range, therefore the sensor should
be positioned perpendicularly to the excitation field [1]. However a disadvantage is that the offset drift
and the 1/f noise of the amplifier are not eliminated even at the excitation frequency f,..
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fiip = fexe

(a) (b)

Figure 4- Special arrangement with fiy,=f.,. (a), and the flipping current (upper trace) and amplified
sensor output (lower trace) (b)

Flipping

Excitation coil

4. Conclusion

When the AMR-based metal detector works with an AC excitation ficld to sense the eddy current
response of metal objects and only the AC frequency response is evaluated, then the noise level is
determined by the sensor white noise level and it is approximately the same for either direct
measurement or for flipping with demodulator— the 1-kHz noise was about 30 pT/VHz in both circuit
arrangements.

For DC measurements, the 1/f noise of the amplifier and offset drifts of the sensor are best suppressed
by flipping modulation technique. For the HMC1001 AMR sensor with 5.5 Vpc bridge supply and 10-
kHz flipping frequency, we have found an improvement from 246 pT/v¥Hz 1-Hz noise with direct
measurement down to 125 pT/YHz when using flipping with appropriate demodulation. This
improvement was found to be larger than simple effect of shifting the modulated signal out of 1/f
amplifier noise: flipping was found to further improve the sensor low-frequency noise.

The commonly used flipping method is however power-demanding with complicated detection
electronics; also the measuring frequency range is limited, which is a difficulty in NDE. The
possibility of using fi;=fe. Was thus investigated: while it allowed to reduce flipping power and to
simplify signal processing circuitry, the 1/f noise of the amplifier was however present in this case.
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8 Axial gradiometer calibration and astatization

8.1 Fluxgate gradiometer for magnetopneumography

The 6-channel fluxgate axial gradiometer, used iagmetopneumography
[Tomek 2006] was originally constructed using ar pdinylon strings to hold the
respective fluxgate sensors [Tomek 2009]. The logcmanical and temperature
stability of the setup however limited the gradioeneperformance because the
measured field gradient is DC with large common enodilue. The author
participated in reconstruction of the probe to gidriholder, see Fig. 8.1. The
original 20-mm diameter fluxgate sensors were wsatl the gradiometric base of
10 cm was kept. The holder was machined from a PEEK30 rod, 40 mm in
diameter. The sensors were glued to precisely dndi@oves. PEEK GF-30 was
chosen because of its good machinability and Ieas 20-ppm coefficient of
thermal expansion [Chu 2010]. Fig. 8.2 shows tlaeligmeter detail.

r

Fig. 8.2 — Detail of the 6-channel gradiometer
Fig. 8.1 — The gradiometer vertically placed above (positioned horizontally). Z-direction is
a non-magnetic bed, from [Platil 2013] parallel to the 30-cm ruler.

8.2 Gradiometer calibration

Below, the details of scalar calibration procedare described which did not
appear in the following article [J5] due to theitiof article length.

The 0BJ/oz type gradiometer presented above was calibratsitigua
modification of the scalar calibration method [@Is2001, Olsen 2003, Petrucha
2009] developed by the author. Two additional pedoular, in-plane sensors
measurind3, andB, field component [JanoSek 2009] were attachededdh of the
cylindrical sensor holder. For verification of thealar calibration results, vectorial
calibration was also done in a tri-axial Braunbekl csystem at Rihonice
observatory (49°59'16.904"N, 14°32'24.702"E), usnangulation with the help of
the central mirror (shown in Fig. 8.1). Howevergedo the mechanical setup of the
experiment, it was possible to determine only onglea by this method. More
details on the vectorial calibration setup are gmé=d in the following paper [J5].
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The coordinate system for the scalar calibratidinéssame as in [Olsen 2001] —
anglesu; is the misalignment angle between sensor X andgoseN in the
orthogonal (horizontal) plane. Anglesandus define the orientation of this plane
to the ideal Z-axis, respectively, see Fig. 8.3.

us| u, z# | S[V-TT [O[nT] Jul[d u2 [q U39
1 | 146088 -90 1.16 -0.71 -2.37
2 | 146304 35 1.16 -0.60 -2.46
3 | 146044 -18 1.16 -0.85 -2.54
N 4 | 145638 156 1.16 -1.51 -2.97
st v 5 | 146228 175 1.16 -0.50 -2.24
/ 6 | 145801 -216 1.16 -1.33 -1.70

x=x'

Fig. 8.3 — Coordinate system, Table 1 —Calibration results for the 6 z-channels
after [Olsen 2001] (sensitivity, offset, and three angles as of Fig.8

From one calibration sequence, we obtain six differtriaxial setups, each
containing X, Y and one of the six Z sensors; facleof these setups the calibrating
algorithm of [Olsen 2001] is used to obtain thepessive X,Y,Z sensor offsets,
sensitivities and angles. The complete calibratesults, not shown in the paper
[J5], are given in Table 1.

The X and Y axis sensitivitiesS( S), their offsets Q,, O,) and theu; angle
would ideally be constant during the calibratiomeTX and Y sensitivities and
offsets with their standard deviations from theaBlration were:

0O,=-2995.3 (1.9) nT O,= -721.5 (2.3) nT
S=117543.3(2.2) VT S = 118017.8 (12.3) V¥

Having the calibration parameters, the calibratedtar B; in the orthogonal
coordinate system is then calculated for eackh M, Mz triplet (i=1 to 6)
assuming that the respective offsBisare removed:

B, =[s,|dR| o, (8.1)
By S)(i_l 0 0 Rs O 0 My,

B,|=| 0 8~ O Py Pa O My,

B, 0 0 S,7||Py Py Py |My

(8.2)

WhereB; is the calibrated field vectorS]|is the diagonal matrix of inverse
sensitivities, B|| is the transformation matrix to the orthogonal rdirtate system
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[Olsen 2001] andM; is the vector of the measured values (in arbitrarigs). The
gradientG; can be then calculated directly using the valdeés andB; (Eq. 1.11).

Using the calibrated gradiometer parameters, wee Haund a considerable
stability problem related to temperature driftstloé respective sensor offsets and
gains (Fig. 8.5).

15

—1-2

difference [nT]

-15 T T T T T T T T
29.6 29.8 30.0 30.2 30.4 30.6 30.8 31.0 31.2 314
temperature [C]

Fig. 8.5 — Sensor output differences vs. temperater show strong temperature
dependence (the offsets have been removed to allavgingle vertical axis)

It is evident that for a vertically-oriented profaes in our case) even with a very
low sensitivity temperature coefficient of 20 pprii-KPrimdahl 1991], the
48,000 nT sensed will cause 1 nT-K or 10 nT-ri-K™ — drift without taking into
account any further offset drift (which is usuatiglow 0.1 nT-K), or the thermal
expansion of the holder. As a result, either thepterature needs to be monitored or
the calibration needs to be repeated when suljdetrge temperature changes. In
the following paper, see below, due to the avditgbof temperature data, this
effect was partially compensated by estimating gaen and offset temperature
coefficients of the respective sensors.

The following paper “Suppression of Environmental Noise in
Magnetopneumography by the use of Higher Order @rad” [J5] was published
in IEEE Transactions on Magnetics in 2012 aftessengéing the results at the 20th
International Conference on Soft Magnetic Materialie author performed
reconstructing the gradiometer probe and its aleats and performed the two
calibrations (vectorial and scalar) and astatiratibthe 6-probe axial gradiometer.
The calibration results, after compensating on témperature drifts described
above, were then used for gradiometer astatizatimhcalculations of higher order
gradients in order to suppress the environmeniakno
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Suppression of Environmental Noise in Magnetopneumography
by the Use of Higher Order Gradients

Jifi Tomek!, Antonin Platil', Michal Janoiek!, Ale§ Zikmund!, and Pavel Ripkal

1Czech Technical University in Prague,Prague, Czech Republic
2General University Hospital in Prague, Prague, Czech Republic

Magnetopneumography is a noninvasive method for examining contamination of metal workers’ lungs by ferromagnetic dusts. Our
aim is to estimate not only total amount but also spatial distribution of the dust. We use fluxgate mag for ing rema-
nent field of contaminated volume (current experiments are mostly on phantoms). For earlier experiments we used a simple 6-channel
magnetometer with improvised probe holder and we used multiple first order gradients. However, geometrical and other instabilities
forced us to upgrade both the mechanical assembly and the fluxgate electronics. The environmental noise from relatively close sources
is apparent even in first order gradients and thus—now with more stable electronics—we evaluated second order gradients in order to

obtain a better signal.

Index Terms—Biomagnetics, magnetic field measurement, magnetometer, noise.

I. INTRODUCTION

AGNETOPNEUMOGRAPHY is a diagnostic method

proposed in the 1970s by Cohen [1]-[3]. The aim is to
examine the amount (and spatial distribution) of ferromagnetic
dust within the lungs of metal workers. The subject is first ex-
posed to a strong dc magnetic field in order to magnetize the
dust. After that, remanent magnetic field distribution above the
subject’s chest is measured and the data is used for estimation
of the dust load.

Typically, a superconducting quantum interference device
(SQUID) is used as the sensor [1]. In contrast, in our research
we use much more affordable fluxgates (we are also limited to
work in an unshielded environment). The setup is similar to
that described in [4]. However, in our setup we use nonmag-
netic glass-fiber positioning bed and a multichannel fluxgate
magnetometer used as a gradiometer.

In our case, gradients are calculated in software from inde-
pendent absolute field sensor data because this approach pro-
vides better sensor stability. Evaluation based on gradients helps
to focus on signal from close sources (dust in lungs) while in-
terference from distant sources like Earth's field variations is
rather homogenous and thus greatly suppressed. Unfortunately,
some noise from not-so-distant sources (e.g. urban traffic, elec-
tric traction) is still present.

The estimation of ferromagnetic dust load within lungs from
measured magnetic data, i.e., the calculation of the inverse
problem, is rather problematic and strongly affected by noise.
In our model we work with discrete magnetic or nonmagnetic
cube volumes within simplified lung phantom. We tested
various approaches like neural networks [5]-[8] genetic al-
gorithms and even direct inversion calculation [9]. Properly
trained neural network provides some robustness against noise,
but for target resolution better than say 10 volume elements

Manuscript received August 15, 2011; accepted October 03, 2011. Date
of current version March 23, 2012. Corresponding author: A. Platil (e-mail:
platil@fel.cvut.cz).

Color versions of one or more of the figures in this paper are available online
at http:/fieeexplore.icee.org.

Digital Object Identifier 10.1109/TMAG.2011.2172200

Fig. 1. The new robust 6-probe holder made of PEEK.

(voxels) it has excessive demands on computer memory. Direct
inversion has very small computing demands, but it is rather
vulnerable to noise.

Our aim is thus to achieve better noise suppression in field
measurement by evaluating higher order gradient signals instead
of the simple first order gradients used so far. Fortunately, the
model and the direct inversion calculation method we test are
quite flexible and thus can be adapted to new types of input data.

II. SETUP

Our setup uses 6-channel fluxgate magnetometer with ring-
core fluxgates. Initial experiments were made with improvised
probe holder where individual sensors were suspended on a
pair of tense plastic strings with sensors 100 mm apart [10].
That setup had limited geometrical stability and thus we re-
placed it with a new robust 6-probe holder made of PEEK GF-30
glass-filled material in order to achieve better stability of the gra-
diometer parameters—see Fig. 1.

0018-9464/$31.00 © 2012 IEEE
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TABLE 1
COMPARISON OF RESULTS OF SCALAR (SUFFIX S) AND VECTORIAL
(SUFFIX V) CALIBRATION. THE ANGULAR DEVIATIONS ARE SHOWN
WITH RESPECT TO FIRST CHANNEL

CH Ss Sy Ay oy (U
No. [V/T] [V/T] [°1 21 [°]
1 145998 | 145978 0 0 0
2 146243 146199 -0.11 -0.09 -0.09
3 145981 145881 0.15 -0.17 0.18
4 145505 | 145602 | 0.81 [ -0.58 | 0.815
5 146146 | 146201 | -0.20 | 0.12 | -0.285
6 145689 | 145674 | 0.63 0.69 0.66

Fig. | shows the vertical holder with individual fluxgates sus-
pended above the nonmagnetic positioning bed. The gradio-
metric base is 100 mm. A round mirror is attached in the central
part; it was used together with a laser beam for mechanical sta-
bility testing and later for calibrations. A small platform is at-
tached on the top of the holder, with two additional perpendic-
ular fluxgate probes (PCB racetrack type [11]) that were later
used for calibration procedures and for testing of possible hori-
zontal field variation influence on measurement.

The improved mechanical stability facilitated testing of signal
stability that provided hints for further improvement of the flux-
gate signal processing electronics, mainly the gain drift of indi-
vidual channels. There still remains some thermal dependence
caused by electronics; however, it could be compensated in data
post-processing.

1I1. GRADIOMETER CALIBRATION

The setup (sensors and electronics) has been calibrated using
scalar field method [12] where sensitivities and angular devia-
tions of individual sensors from the reference frame were es-
tablished. The whole setup with 6 gradiometer and 2 perpen-
dicular sensors was carefully rotated in a magnetically quiet
and gradient-free location; the results were simultaneously sam-
pled at 100 Hz to avoid problems with position instability (the
setup was rotated manually). The scalar value of magnetic field
was monitored with an Overhauser magnetometer. The results
of two consequent scalar calibrations are comparable to 15%,
which still indicates some problems in location homogeneity
(the required homogeneous spherical volume has over 1.2 m in
diameter in this case). The results are summarized in Table I.

The scalar calibration results were independently checked by
vectorial calibration using 2-m calibration coils (Pruhonice lab-
oratory of CAS, Geophysical Institute) and a theodolite T using
triangulation (Fig. 2). The gradiometer was first positioned in
the middle of the coils and its position was aligned to X-axis
by minimization of the AC response of perpendicular coils (y
axis). The X and Y axes of the coil system have an orthogonality
error better than 0.03° as estimated by scalar calibration [13].
The angular deviations were estimated in iterative steps using a
simple triangulation procedure with the help of central mirror
in the rotation axis. By marking the distance d from reference
channel after each sensor alignment, it was possible to estimate
the angular deviations ¢ from the first channel axis. As the gra-
diometer was rotated only in one plane (XY), we estimated only

IEEE TRANSACTIONS ON MAGNETICS, VOL. 48, NO. 4, APRIL 2012

Fig. 2. Verification of the gradiometer sensors angular deviations using 2-m
coil system and triangulation.
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Fig. 3. Long-term record of observed first order gradients.

one of the two angles—y;s. Also, the rotation plane was not ex-
actly aligned. However, the results are comparable within 18%
with the angles obtained by scalar calibration (Table I).

IV. EXPERIMENT

As we work in an unshielded environment, our setup is
exposed to considerable industrial noise of urban environment
(traffic, etc.), especially in daytime. The difference in readings
from neighboring sensors 100 mm apart may vary by 5 nT
(yielding variation in first order gradient of 50 nT/m). In the
nighttime it is usually reduced to 1 nT (or 10 nT/m).

Fig. 3 shows a 3-day record of measured first order gradients
in laboratory (initial warm-up period is omitted). For easier in-
terpretation, only the difference between channels is shown (not
in gradient units). The data were compensated for thermal drift
using additional thermal measurement. Some channels (espe-
cially 4-5) seem influenced by horizontal field variations due to
imperfect vertical orientation of sensor axis.
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Fig. 4. Long-term record of selected second order gradients (more detailed
scale).

Fig. 4 shows a detailed look of selected second order gradi-
ents (differences between channels) that provide slightly better
results.

Unlike the perfect mathematical model of the setup used
for testing of inversion (generation of forward model data and
direct mathematical calculation or neural network inversion of
them) [9], [10], the gradiometer’s probes are not precisely 100
mm apart; their angular misalignment and the misalignment
of the gradiometer to the bed result in serious differences in
the measured data in comparison to the ideal mathematical
model. We already compensate for positioning errors and for
any misalignment of the phantom in the considered volume.
Inversion illustrated in [9] which works perfectly on the model,
even with added noise, was not capable to estimate physical
phantom sources. The phantom source consisted of 2 layers
with 60 cubes containing 5 elementary magnetic cubes each
with magnetic moment 2400 ;Am? measured in Helmholtz
coils [14]. These elementary cubes have volume of 64000 mm?
(side 40 mm). We have used this low resolution in order to
simplify the modeling as well as phantom testing.

Compensation for all the imperfections in the setup is la-
borious. The solution is to prepare inverse model using real
phantom testing data. This means to calibrate the setup by rep-
resentative set of phantom configurations. Afterwards, the in-
version should provide reasonable estimates of random distri-
butions of magnetic cubes.

We have modeled that the inverse algorithm works well with
added random noise of up to 2.6 nTp-p to the second order gra-
dient, e.g., the gradient “(3-4)—(5-6)" has peak-to-peak ampli-
tude 50 nT/m. The inverse algorithm when calculated with the
data from the real phantom measurements, where the noise is
below this value, should thus theoretically work well.

1319

V. DISCUSSION

Simple mathematical modeling shows that use of first order
or higher order gradients cannot suppress random noise origi-
nating from individual independent measurement channels (in
fact, it decreases useful signal and preserves random noise and
thus signal-to-noise ratio becomes worse). However, in practice
a substantial part of the observed noise is correlated between
channels and therefore it can be suppressed by gradient mea-
surement processing. We achieved moderate improvement in
measurement noise by use of selected second order gradients
over previous results with first order gradients.

‘We suppose to further reduce noise level by introducing com-
pensation for horizontal field and then collect representative cal-
ibration data to obtain an inverse model for the real setup.
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8.2.1 Gradiometer astatization — recalculation to o rthogonal
frame

In the magnetopneumography task, the gradiometein ist fixed vertical
orientation to the Earth’s magnetic field, andpe&sformance is mainly determined
by the magnetic noise - its amplitude and its hoenegy. We did not find any
significant improvement when using precisely ageatidata and thus the results
were not presented in the previous article [J5].

However, if the gradiometer is used for magnetionaaly detection, where the
gradiometer is usually moved, the calibration anbdsequent astatization of the
gradiometer influences its performance. Data obthifiom the scalar calibration
described in previous chapter and in the articleewased for the gradiometer
astatization — each of the Z-sensors response egculated to the orthogonal
frame. Because of the nature of scalar calibratiwhere the gradiometer was
rotated in Earth’s magnetic field, the performamnéegradiometer can be studied
well using the calibration data.

Using the same naming convention as above, thgréeient (gradiometric base
of 10 cm) is evaluated in Fig. 8.6. The data aoenfithe calibration procedure,
where the sensor is rotated and inclined to coler whole sphere of angular
alignment to the Earth’s field vector. When theatsation is based only on
calibrated sensitivities, the parasitic homogene@sponse is up to 8000 nT*m
(corresponding to 800 nT sensor difference) ifakel (aligned) field varies in the
+40uT range. However, if the angular misalignments als considered, the
response decreases down to +45 riT-mvhich corresponds to +4.5nT sensor
difference. This remaining error is mainly due te tuncertainty of the scalar
calibration — the calibration residua were up tanZf,, which was supposed to be
caused by the gradient at the calibrating location.

10000 100000

8000 - — sensmv.ltles + offsets only || 80000
. fully calibrated
£ 60001 — axial field | 60000
c 4000 140000
8 20000 &
5 2000 -
3 Lo 2
i 0 =
2 T -20000 £
5 20007 + -40000
g 40001 -+ -60000

-6000 7 + -80000

-8000 T T T T -100000

0 2000 4000 6000 8000 10000
sample [-]

Fig. 8.6 —Effect of angular misalignments on the gidiometer residua in a homogeneous field
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In order to confirm the hypothesis of a magnetiadignt at the location, the
gradient was calculated for different gradiomelbdses. We can use any two of the
six sensors to build a “synthetic” gradiometer wathl0, 20, 30, 40 and 50-cm
gradiometric base, respectively. Fig. 8.6 shows tta gradient response is almost
identical for all 3 gradiometric bases with diffetesensors: the response is mainly
due to the presence of the magnetic gradient atc#fieration site. The noise
modulated on gradients 6-1 and 6-2 is influenceddnsor #6: the noise was found
to be due to the nearby orthogonal sensors X andvhich used a separate
electronics with a different excitation frequendg(].

150 — Gzz 61 (50cm base)

— Gzz 62 (40 cm base)
Gzz 31 (20cm base)

100 A

50

ey
OW‘M’»‘, V‘“FNWWWW ,} Ww M MA W

Gzz [nT/m]

1

-50 4

-100 4

-150 T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
samples [-]

Fig. 8.7 — Essentially the same error for differenbases suggests that the
calibration field was not truly homogenous

8.2.2  Alternative linearized astatization

An idea used in SQUID gradiometers by [Chwala 2048% adopted to further
simplify the gradiometer calibration and astatizatiLet us take magnetometer
readingsMz; and Mz, (in engineering units, EU) from the two verticansors
forming a gradiometer with bask and two additional readingsly andMy, from
the orthogonal sensors in the perpendicular plahesé readings are already
corrected for the sensor offsets to further singglie calculation).

We can define the uncorrected gradiépt ~ 0B,/dzif no astatization was used:

G =821_Bzz =1 M, Mg, (8.3)
“ d Su Sz

Assuming that the gradient is negligibly small camgu to the common-mode
field, we can choose fdl; andS; one of the two values to get the astatized output:

Gcorr,, =G,, —a d\/l ,del B—)(EM (8.4)
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It is evident that precise calibration of sensités S¢ and S, (EU/T) is not
necessary in this case — field values can be usedlg in engineering units. Also
the knowledge of the Z axis sensors sensitivitiendeded for estimating the raw
G2z gradient only but not for the astatization. Thisets of Z, X and Y sensors can
be obtained in a magnetic shield. Let us add secoter terms in addition to the
astatization of [Chwala 2012] to obtain a bettenfie get:

My M3
Georr, =Gy —[k, k, K JOM, |-[k, ks k]OIM2 (8.5)
M, M2z

Having a set of calibration measurements similathed presented in [J5] in a
gradient-free location, thus assumi@gorr,;=0, we get a set of equations forming
a linear system

[k .. k]=| ...| G, (8.6)

In a set of N equations from the scalar calibrati@enhave N values d&;; and
6xN values oMy, My, Mz, M?, My?, M/%. A least-squares method or an inverse
function based on SVD decomposition was used wighsame result to obtain the
k; coefficients in MATLAB. A comparison of the gradi@ter response during the
same scalar calibration run using the astatizatiiiné subsequent orthogonalization
of the 4 and Zreadings, the linearized astatization approactCbfrjala 2012] and
the proposed method with second-order terms is sliowig. 8.8.

150

T T T
Gzz 31: two scalar calibrations
second order terms

100+ first order only H

-100 B

-150 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Fig. 8.8 —Astatizated gradiometer output, using twoscalar calibrations
(blue) and first (green) or second-order (red) linarized astatization (red)
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From Fig. 8.8, it is evident that the residua friiva modified astatization were
even lower than of the classical approach of twtibaed Z values. The
explanation lies in the uncertainty of the two aca&lalibrations used for calculating
the Z values.

If we consider the gradiometric base of 20 cm (sen8 and 1) and the 50 pT
residua for the 48,000 nT common-mode field duthng calibration (Fig. 8.8), we

. 48010° .
see that the CMRR (Eg. 1.15) improved20log——————— =73dB, even with

5001C°[0.2
the on-site gradient proved in Fig. 8.7.

8.2.3  Astatization using spherical misalignment ang les

Another approach to astatization, which will notdsaluated here, was used by
[Merayo 2001], where the two spherical misalignmemgles between the Z sensors
are considered.

G =G —a, +a,B, +a,|B|(dcosf, cosp, - gsing,sing,) (8.7)

corr

6 andg are the misalignment angles of the second Z seasdf, andg, are the
spherical angles defining the orientation of thetoe with scalar valueB| to the
first Z sensor (see Fig. 8.9).

Fig. 8.9 — Definition of the spherical angles, fronfiMerayo 2001]

The use of Eq. 8.7 is complicated by the need takine orientation and value
of the vectorB, and the two misalignment angles obtained eitlyembasurement
[Merayo 2001] or by a complete scalar calibratisaction 8.2.1). To solve the
equation, two (aligned) orthogonal X and Y senses again needed to establish
the two 6, and ¢ angles defining the vectdd orientation. The calculation is
therefore in turn more complicated than using timedr astatization approach
described previously. It is however consideredrlatethe case of a single-core
gradiometer (10.6.2), where it can be simplifiedemcertain circumstances.
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9 A compact, low-noise fluxgate sensor

So far, the author has studied gradiometers usifithe@-shelf 30x8x1 mrhPCB
fluxgates [J20] and 35x30x10 mmng-core fluxgates [Cerman 2003, Tomek
2009]. However, the design parameter for a compmatiometer was overall
sensor size <20 mm and sensor noise <10 pgls-@l Hz — both of the
parameters are not fulfilled by any of these sendeurther miniaturization of the
sensor was therefore sought. A flat, racetrackgtiie sensor (Fig. 9.1) and a
classical ring-core sensor (Fig. 9.2) have beerldped by the author. Both use an
amorphous CgCr/FeB;3Siy tape provided by the Institute of Physics, Slovak

Academy of Sciences (SAS), Bratislava.
a) b)

Fig. 9.2 — the ringcore sensor (a)
compared with the sensor used in
[Cerman 2003], [Tomek 2009] (b)

Fig. 9.1 —race-track fluxgate, the components
(left) and an assembled sensor (right)

9.1 Flat race-track sensors

Race-track sensors are the most promising in tefmmoise [Hinnrichs 2001].
The sensor was further miniaturized as comparedegd®CB fluxgate in [J20]- the
race-track core size is 8x15x0.025 {fig. 9.1). PCB technology was abandoned
due to its high noise. The core was chemically &tehed from the 20-mm wide
amorphous tape. Unlike in the work presented ipkRi1993a], only single-sheet
core was used in order to avoid further mecharmstasses and to keep a low
demagnetization factor [Kubik 2008]. The core waed in a milled slot made
from FR4 glass-fiber laminate using a drop of acrghint. Next, the excitation coil
was wound around the race-track and the assembly iwaerted into a
20x11x2 mm milled holder made from the same material, whdre pick-
up/compensating coil is wound (Fig. 9.1). The dffssmperature dependence,
which is often a limiting parameter for fluxgatensers, was measured in a
thermostated non-magnetic shielding chamber allgan —20°C to +80°C with a
remanent field in the chamber less than 5 nT. Tifgebtemperature coefficient
was found as less than 0.05 nT-K see Fig. 9.3, which is a value comparable with
the value of space-grade fluxgate sensors [AusB&8R The noise PSD was
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measured as 10-12 pT-#2@ 1 Hz when using a 10-kHz, 600-mA p-p excitation
current in the whole temperature range.

Offset [nT]

Temperature [C]

Fig. 9.3 — Offset temperature dependence of the deleped race-track sensor

9.2 Tape-wound ring-core sensor

The diameter of the developed tape-wound ring-e@® reduced to 12 mm. The
tape cross-section was 2.5x0.025immMhe magnetic ribbon was wound in a
PEEK/MACOR sheath with typically 5 wraps only. Aftassembling the toroidal
core to the machined PEEK support with the pickaml, the sensor was
20x20x8 mmin size, see Fig. 9.2. The noise however increaget 20 pT-H2°
due to the size reduction - the bending stressnanezero magnetostriction of the
magnetic material [Weiner 1969, Butta 2014] cefyaplay a role. To lower the
noise to match the state-of-the-art, perpendicalasotropy [Nielsen 1991] was
introduced by annealing. Magnetic field annealingtloe ring assembly was
developed and performed by SAS Bratislava, and tdehnology was then
transferred to a dedicated laboratory at CTU irg&ea The noise after annealing
decreased to 7 pT-I—CIi which is the lowest value found in the literature

The following paper‘Field Annealed Closed-path Fluxgate Sensors Matle o
Metallic-glass Ribbons’published in Sensors and Actuators in 2012 [J&3cdbes
the development of the low-noise ring-core sen&grsnagnetic field annealing.
Author’s contribution was in designing and assempthe sensors, measuring their
noise and providing feedback to the SAS group winels focused in magnetic
material annealing and the MOKE analysis of the meig domains of each
sample. MOKE analysis has also proved that anrpalirthe race-tracks did not
bring a benefit because of the non-uniform domtincture after annealing.
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1. Introduction

Fluxgate sensors (magnetometers) are still the first choice when
an accurate directional measurement of low-frequency medium
intensity magnetic field should be performed without the need
of shielding and cryogenic temperatures. Properties of the mag-
netic core material and its impact on sensor performance are the
main scope of this work. Magnetic anisotropy together with its
response to the induction method and material handling appears
to be the most important property linked to the most haunted per-
formance parameter - the noise. Extended experience (e.g. [1.2])
suggests preferring materials with low magnetostriction [1] and
low Curie temperature [3]. Co-Cr-Fe-B-Si metallic glass fulfills
the demands well. Since the noise (Barkhausen noise) comes from
abrupt changes of magnetic flux, it is most often attributed to an
abrupt domain-wall movement and several methods to suppress
it are applied [4]. Induction of strong transversal anisotropy by
stress annealing came to be the first choice for metallic glasses [1]
to promote the magnetization rotation to the detriment of wall
movement. Nevertheless, there are inherent limitations for the
tape-wound ring cores, since for the anisotropy to be uniform it
has to be induced in the straight ribbon prior to winding the core.
Then the ribbon is submitted to additional bending stress at core
winding. The magnetostriction desired here to be zero is still tricky

* Corresponding author. Tel.: +421 2 5941 0560; fax: +421 2 5477 6085.
E-mail address: pavol.butvin@savba.sk (P. Butvin).

0924-4247/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.5na.2012.07.001

The possibilities to improve the performance of certain fluxgate sensor types are still not exhausted. Two
types of closed-path sensors - ring core and racetrack - were checked to reveal risky combination of
material and construction parameters, and means to optimize the combination were tested. One-step
field annealing of Co-based metallic glass was chosen to acquire low-magnetostrictive material with
anisotropy required to reduce noise by favoring magnetization rotation, Locally misaligned anisotropy
promoted incoherent rotation and handicapped racetrack noise performance. Despite the risk of bending
stress aggravated by small - 12 mm diameter, the ring cores fared better and reproducibly achieved noise
7 pT//Hz @ 1 Hz when thoroughly fixed an annealed in an optimal sheath. As far as we know these are
the lowest noise values achieved for this size of fluxgate sensors.

© 2012 Elsevier B.V. All rights reserved.

due to its variation with the stress [5]. To avoid this problem, we
chose field annealing that enables a tape-wound core to relax sig-
nificant part of the bending stress. The sensor electronics used in
tested prototypes adheres to the standard principles of bipolar AC
excitation and evaluation of the output signal at its second har-
monic frequency. Two forms of magnetic cores were used: true
closed path racetrack and tape-wound toroid with a mean field
path of 3-6 cm. It should be emphasized that the diameter of the
used tape-wound ring-cores is 10-mm or 12-mm, which is less than
the commonly used dimensions (17-25 mm diameter). The choice
of these dimensions was given by demands for miniaturization by
simultaneously keeping the good noise properties. However, the
small diameter amplifies not only the bending-stress related prob-
lems, but also the symmetry issues in miniature ring-cores - the
sensitivity to any 2nd harmonic distortion of the excitation current
is high.

1.1. Field annealing

Magnetic anisotropy with easy magnetization axis directed
transversally to the sensor principal field direction is widely used
not to excite domain-wall movement that easily tends to be irregu-
lar and generate noise. The simplicity of the task to provide domain
walls minimally sensitive to directional external field ends at the
requirement of domains and 180° walls to be oriented perpendic-
ularly to the field. Apparently, the anisotropy should be strong.
But strong anisotropy (with large coefficient K,) results in fine
domains [6,7] and so in many walls. This accentuates the demand
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Table 1
Magnetic parameters of Co-based metallic glass ribbons used in fluxgate sensor cores.

73

Material & condition Magnetostriction A Curie temp. Saturation HRA anisotropy Permeability Noise spect. density
Tc [°C) Bs [T] fm?] Heir [pTrms/,/Hz] @ 1 Hz
RT TOR
#1 As-cast ~52e-7 270 0.53 ~0 = = 10
#1 Annealed 6.0e-7 282 0.55 22 6800 - 5
#2 As-cast 20e-7 282 061 1 16400 8 10
#2 Annealed 5.0e-7 291 0.63 31 5600 70 8

of domain-structure homogeneity not to provide misaligned walls.
The anisotropy induced by stress annealing in Co-based metal-
lic glasses is generally stronger [8,9] than the anisotropy by field
annealing and can be, contrary to field annealing, further promoted
by specific pre-annealing of the ribbon. However, the homogene-
ity of stress-annealing anisotropy meets with more limitations
[10,11]. Apart from the macroscopic bending stress in a ringcore
[12] (principally capable of inducing inhomogeneous magnetoe-
lastic anisotropy), the straight-ribbon stress annealing itself meets
with the risk of producing inhomogeneous anisotropy since the
anisotropy energy is sensitive to the actual local stress applied dur-
ing annealing. Due to problems with ribbon cross section geometry
and the rather rough surface, it is difficult to provide an actually
uniform stress. But neither the field annealing is quite risk-free in
the context of annealing under inhomogeneous stress. Such a stress
can come in ringcores tightly wound of as-cast ribbon ifits inherent
(preferentially longitudinal) relaxation or crystallization shrinkage
is somehow hampered during annealing [13]. This risk tends to be
negligible in a few-wrap ringcore annealed at a low temperature
(<350°C). Thus the annealing temperature requires a compro-
mise too. Stress annealing uses higher temperature and often a
pre-annealing to minimize magnetostriction coefficient [1]. Field
annealing is principally limited to be performed below the Curie
temperature and we did not consider looking for a simultaneous
manipulation of magnetostriction. Nevertheless, field annealing
omits at least one technological step (pre-annealing) and induces
some domain wall stabilization [14] that is useful when low wall
mobility and high start field is desired.

2. Experimental

Amorphous ribbons of Cog;Cr;FesB13Sig alloy (#1) were pre-
pared by planar-flow casting on air. To achieve modest difference
of the Curie temperature T¢, 1 at% of Cr was substituted by Mn in
the reference alloy #2. The composition of ribbons was checked by
ICP AES method. We used ribbons with 2.6/0.018 and 20/0.022 mm
width/thickness. Racetracks (RT) were chemically etched from the
20mm wide ribbon #2 center to give 2-mm “track” width and
30 mm long x 10 mm wide outer footprint (Fig. 1). The ring cores
— toroids (TOR) were wound with 5-10 wraps into 10mm inner
diameter PEEK sheaths (Fig. 1). The ribbon was not glued or fixed
in other means. Later, the ring cores were wound also into MACOR
sheaths with 12-mm inner diameter, which were composed from

TOR

sE!'ath

Fig. 1. Actual size ring core (TOR) and racetrack (RT) photographed on millimeter-
scaled paper. The bare core was prior to inserting into sheath secured by makeshift
wire fixture since no glue or welding was used. PEEK “slack” sheath is shown.

two parts glued together, where the final gap for the core was
0.2 mm reducing the spring-effect of the ribbon to minimum.

The standard field annealing used one temperature (250° or
265 °C) with the isotherm duration of 120 or 90 min and was per-
formed in Ar atmosphere under ~10kA/m transversal external
field. Hysteresis loops were recorded on a digitizing hystere-
sisgraph where the sensors were excited by sine signal from
a low-output-impedance amplifier. The energy density of hard-
ribbon-axis (HRA) anisotropy (Table 1.) has been evaluated from
saturation-remanence-loop outer cut-off area in 1st and 3rd
quadrants. The noise parameters were measured in a standard
fluxgate-sensor configuration with transformer-coupled, parallel-
tuned excitation tank with 12-kHz driving frequency and variable
excitation amplitude up to 10kA/m p-p. The excitation wind-
ing had 120-turns of 0.2-mm-dia wire and the pickup-coil had
180-turns tuned by parallel capacitor at 2nd harmonic. A lock-
in amplifier SR830 was used for the 2nd harmonic detection, its
digital output was evaluated in the noise measurements. Domain
structure was imaged by polarization microscope exploiting the
magneto-optical Kerr effect (MOKE). Major domain magnetization
direction is identified by contrast: full contrast is obtained when
maximum magneto-optical sensitivity of the microscope is par-
allel or anti-parallel to domain magnetization. Curie temperature
was determined by thermogravimetry. Etched-out circular samples
were used to determine magnetostriction coefficient A by calcu-
lating it from sample strain measured by a capacitance method.

3. Results and discussion

The higher T¢ ribbon #2 is a 20 mm wide ribbon. When mea-
sured as full-width strip or in the etched racetrack geometry it
shows slightly slant loop (HRA anisotropy ~11]/m?) already in
the as-cast state unlike ribbon #1 (see Fig. 2a). It appears that the
bending stress o slightly lowers the HRA anisotropy in the as-cast
as well as in the annealed state - the loops of #2 TORs are less
slant and/or display a steep low-field part (Fig. 2b). The reason of
the poorly reproducible as-cast HRA anisotropy could be the as-
cast structural anisotropy [15] or a creep anisotropy induced by
intrinsic macroscopic stress acting in the still hot “fresh” ribbon at
the end of casting. Similar resulting anisotropy is observed after
no-intentional-stress annealing in some Fe-Nb-Cu-B-Si ribbons
with the same sign of creep-induced anisotropy [16]. In any case,
the as-cast-borne magnetic anisotropy is not homogeneous and it
comprises, apart from HRA, an easy-ribbon-axis (ERA) component
too.

The persisting ERA component prevents the domains to align
perfectly transversally to the ribbon axis after the field annealing
(see Fig. 3a, right). This is not the case of narrow ribbon #1 with
its upright as-cast loop (Figs. 2a and 3a left). As seen by compar-
ison of #1 loops in Fig. 2a and b, bending stress acting through
magnetoelastic interaction induces the coexistence of HRA and
ERA components. The stress appears to support preferentially the
already present ERA component in ribbon #2. This is seen well by
comparing Fig. 3a (right) and c. Since the strips of #2 were longitu-
dinally cut to match the width and demagnetization factor of the
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Fig. 2a and b and especially Fig. 3c point to the bending stress as
the majorrisk factor, which deteriorates a tilted linear loop and sup-
ports unwanted ERA anisotropy component despite of low material
magnetostriction. Clear difference is seen in Fig. 4 to come from
additional (applied after annealing) bending stress. The additional
bendingstress also disturbs the domain wall stabilization as seen by
comparison of Fig. 3a (right) and ¢ - the walls and domains visibly
tilt by bending and still more tilted by longitudinal external field,
the walls move easily. Different response to longitudinal field is
observed without bending - it will be commented below at RT-TOR
comparison.

Nevertheless, the bending stress in ring cores might not to be
relaxed enough at below-T¢ temperatures used at the annealing,
although the “zero additional stress” loop (Fig. 4 - TOR #1P3)
is already looking fine. Fig. 5a shows the comparison of field-
annealed 5-wrap cores in MACOR tight sheaths (TOR #1M4) and
10-wrap core in PEEK slack sheath (TOR #1P3). The comparison was
intended to identify whether the different thermal expansion of
MACOR and the ribbon does not cause significant thermal stress in
the core to show up consequences to the resulting anisotropy. The
small difference seen between the corresponding loops does not
clearly represent either the slightly different annealing or a ther-
mal stress result. The difference rather reflects somewhat poorer

74 P. Butvin et al. / Sensors and Actuators A 184 (2012) 72-77
T T T
-————
050 | (@ — _
—— #1 strip as-cast
0.25 | — = -#2RT as-cast . 4
— -~ #2RT annealed .v:.’

0.00 | - i
-0.25 4
-0.50 __:/ i

BIT] : : :
0.50 - ()
—— #2TOR as-cast
0.25 | - = -#2TOR annealed i
’

0.00
-0.25 .
-0.50 E

] 1 1 1
-200 -100 0 100 200

H [A/m]

Fig. 2. Loops (1kHz) of differently shaped samples of material #2. Loop for as-cast
material #1 is plotted as reference to show different as-cast anisotropy without
additional bending stress (therefore strip sample). Indicated samples were annealed
at 265°C for 90min.

narrower #1 and the domain tilt (10° from transverse) is slightly
greater than for etched RT (Fig. 3b - ~5° tilt), one can suspect
remnants of shear stress to assist the ERA anisotropy component.
However, the comparison of adjacent cut narrow strips with the
genuine-width (20 mm) strip of ribbon #2 showed only minor dif-
ferences (+1])/m?) of the HRA anisotropy. This excludes a residual
stress possibly induced by cutting as the reason of the observed tilt
of transversal domains. Moreover the comparison shows that the
field used at the field annealing saturated the ribbon transversally
and did not allow different demagnetization factor to show up on
20mm down to 2.6 mm wide ribbons.

reproducibility of cores annealed in slack PEEK sheaths. Three cores
wound of consecutive ribbon sections and annealed in the “taut”
MACOR sheaths (#1M4 is a member of the trinity) responded with
practically matching loops. To test further the residual-stress sus-
picion, differently wound field-annealed ring cores were measured
and then released from the sheath to see whether they reveal resid-
ual stress by partial unwrapping. Relatively special portion of the
ribbon - bulging notably the wheel side out - has been chosen and
one of the two cores - #1P4 - was wound air-side up and the other -
#1P5 - wheel-side up. Notable difference is observed between the
loops - Fig. 5b. Unwrapping showed up different too - the wheel-
side-up core unwrapped to four times larger diameter when pulled
out from the sheath whereas the air-side-up core merely doubled
its diameter. One can conclude that the 265 °C annealing temper-
ature is not enough to relax the bending stress completely and if
the core is wound wheel-side up, the residual stress appears still
larger. Unfortunately, we are so far not able to recognize for sure,
which effects are responsible for the low-field bellies on loops of
Fig. 5b.

Fig. 3. Domain patterns of equally field-annealed samples: (a) full genuine width strip of ribbon #1 (left) and cut-width strip of #2 (right), (b) RT (half the magnification of
(a) or (c)). (c) strip of #2 bent to TOR curvature after being annealed as straight strip: no external field (upper) and vertical bias field applied (lower). Ribbon axis always

vertical, major domain magnetization horizontal for (a), (b), vertical for (c).
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Fig. 4. Loops (40 Hz) of equally field-annealed (2 h at 250°C) ring cores wound of
equally long ribbon sections. Whereas #1P3 ring core was annealed and measured
within the 10-mm-diameter sheath, the #1P2 and #2P1 ring cores were annealed 0.0 -
as ~30-mm-diameter rings but measured inserted into equal 10-mm-diameter
sheaths (after thorough diameter reduction). Note that ribbon #2 is ~20% thicker
than #1. -0.3
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3.1. Comparison of racetracks to toroidal cores (RT-TOR)

The most obvious difference between TOR and RT is the advan-
tage of the latter that no bending stress is induced since a
ready-to-use RT core is etched from a single planar sheet (rib-
bon). Fig. 6, however, shows the principal risks of a field-annealed
racetrack: The U-turn part shows easy direction along the sensor
exciting field, which promotes domain wall movement. Moreover,
there are remnants of incoherent rotation over the whole RT - the
medium black density indicates distinct areas magnetized approx-
imately perpendicular to magneto-optical sensitivity, thus parallel
to the exciting field whereas the rest area is still controlled by
the induced transverse anisotropy. Due to experimental limitation
- external field is directed like field to be measured, not sen-
sor exciting field - Fig. 6 does not display the expected marked
domain wall movement in U-turn part. Nonetheless we observed
easy wall movement on no-field-annealed straight strip samples
if external field was applied along the annealing-stabilized walls
(not shown). Thus the wall stabilization significantly hampers their
movement under large-angle external field, but is not efficient
enough to block the wall movement under low-angle field. Recall-
ing Fig. 2a, the RT drawbacks appear to correlate to the low-field
“belly” on the loop in annealed RT. If compared to TOR, field-
annealed RT performed worse (loops, noise) with slightly better
as-cast results.

-150 -100  -50 50 100 150

0
H [A/m]

Fig. 5. Loops (200Hz) of differently treated ring cores in different sheaths (P for
PEEK, M for MACOR). (a) #1M4 represents well-reproducible “taut” sheath cores
field. led at 265 “C comj d to as-cast core # 1M1 to show acquired anisotropy
and to the best of “slack” sheath cores annealed at 250°C. (b) Equally annealed
(265°C) but differently wound cores: #1P4 ribbon air side up, #1P5 wheel side up.

3.2. Noise performance

The noise performance of TOR and RT as well appears clearly to
correlate with the loop shape: Worse noise comes with the more
pronounced low-field steep part (“belly”) of the loop. This is seen
clearly if Fig. 7 is compared to the loops (Fig. 4). According to pre-
vious paragraphs, we ascribe the deterioration of a slim linear loop
to domain wall movement and/or incoherent rotation promoted
mainly by (additional) bending stress.

Then the loops of Fig. 5 (differently wound cores) can be corre-
lated to the noise results too: At 3 Ay.p excitation (10kA/m p-p),
the noise at 1Hz amounts to 40, 30, 6.7 pT//Hz for TOR #1P5,
#1P4, #1M4, respectively. One comment for the higher T¢ mate-
rial #2: It never showed lower noise than #1 - the best sensor of
#2 ring cores presented noise around 12 pT/,/Hz @ 1 Hz, though at
still larger excitation current of 4 Ap., (not shown). However this
is not enough to claim that we confirmed the variation of noise

Fig. 6. Domain patterns of field-annealed RT of #2. Note 3-level black density - the medium one identifies areas magnetized at a large angle to horizontally magnetized
majority domains. Left - weak vertical ac demagnetizing field leaves large-angle-magnetized domains on straight parts of RT. Right - 4 x stronger field still leaves the domains
on U-turn parts (but straight parts show horizontally magnetized domains only - not shown). Magnificarion is equal for left and right image.
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for field-annealed ring cores not to provide optimal residual bend-
ing stress relaxation. The noise of field-annealed racetrack tapes
was found higher after field-annealing due to the presence of lon-
gitudinal anisotropy in the U-shaped ends of the racetrack, which
is inherent to the geometry. If we conclude the progress for the

76 P. Butvin et al. / Sensors and Actuators A 184 (2012) 72-77
. S —
#2P1 _§13Q§§
T
o | s 3008

Noise spectral density [pTrms/vHz]

1 | 1

0.1
f[Hz]

Fig. 7. Noise of FG sensors made of field-annealed ring cores (the same as in Fig. 4).
Excitation field (12 kHz) scales linearly with the current quoted in the legend. Here
the best noise figure - 5.5 pT//Hz @ 1 Hz is shown by TOR #1P3.

with T¢ found by Shirae [3]. The large noise figures for poorly fixed
ring cores #1P4 and #1P5 point to still another factor - a stray
field, which deteriorates the field symmetry and adds to the (resid-
ual) bending stress effect. Large free space was left within the PEEK
sheath slot so the cores were able to move their wraps. (Wide slot
aided the core withdrawal. We did not use any supporting springs.)
The non-symmetric stray field can come from the ribbon ends with
mismatched overlap, but is more probable to come from inho-
mogeneous bending stress along the core circumference, causing
excessive noise. The noise of this sensor in a practical fluxgate mode
could be higher also because of the large zero-field feedthrough due
to core inhomogeneity, which compromised dynamic range of the
second harmonic detector [17]. The poor symmetry also promotes
the effect of any 2nd harmonic appearing in the excitation current.
Better noise reduction by transversal field annealing is achieved
in TOR if compared to RT (see Table). If ring cores are prepared
thoroughly, their risks - the bending stress and poorer symmetry -
can be minimized and the results are good and well reproducible.
The slim linear loops displayed in Figs. 4 and 5a come from well-
fixed (MACOR tight sheaths) and comprehensively wound ring
cores. Reproducibility test with 5-wrap TORs (#1M2+4) reveals
equal loops and equally low noise (~7 pT//Hz @ 1 Hz) for the three
equally handled cores.

The large necessary excitation field poses already a limitation.
The ensuing heating can compromise the parameter stability and it
can disable the domain-wall stabilization, moreover it contributes
to drift of sensor parameters. However we found it necessary for
the current material to keep the saturation level deep enough
to obtain low noise by applying the rule of thumb having 100x
higher excitation level than the actual required field for saturation.
When reaching this limit, the noise did not decrease any lower.
The explanation assumed by Scouten [18] is based on macroscopic
inhomogeneity in the ribbon, i.e. inclusions of magnetically hard
regions. So far we have no noise-independent indication that this
is the case with our ribbons. When compared to the results of
Primdahl [19], we have to note that excitation level required for
obtaining low noise in the case of field-annealed Co-Cr-Fe-B-Si
ribbons is still higher than that for stress annealed Vitrovac 6025X
used for the same purpose by the Danish group.

4. Conclusions
The few degree difference in T¢ of the two alike materials stud-

ied is not enough to assess the importance of low Curie temperature
for fluxgate sensor performance. However, low T¢ poses certain risk

10/12-mm ring-cores, we can state that:

* The potential of rapidly quenched ribbons for use in FG sensors
is still not exhausted.

Field annealing is a viable and competitive option to pro-
mote the desired magnetization rotation provided by transversal
anisotropy in order to reduce Barkhausen noise. It also allows to
field-anneal an already finished core-sheath assembly, possibly
lowering the manufacturing costs and minimizing handling-
induced stress.

Despite problems with ribbon free ends and high sensitivity to
even harmonics in the excitation, the major difficulty of ring
cores with small diameters - bending stress - can be sufficiently
reduced by field annealing to enable sensor noise as low as
5.5pT//Hz @ 1Hz. According to our knowledge, these are the
lowest noise figures achieved for fluxgate sensors of this size so
far.
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different fluxgate sensor

Michal JanoSek

The following paper Effects of Core Dimensions and Manufacturing
Procedure on Fluxgate nois¢J1] was published in 2014 in Acta Physica Polanic
The author has proved that the demagnetizatiororfd&rimdahl 1989] has a
significant influence on sensor performance ass#msor size is reduced. However,
it was shown in the article that the manufactugimgcedure has to be taken into
account when comparing different sensor designse Theasurements and
simulations were partially provided by Mr. Vyhnanakd Zikmund, respectively,
and the SAS authors provided the annealed tapekdatifferent fluxgate designs —
race-track and ring-cores with two diameters.
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The effect of demagnetizing factor and manufacturing procedure on noise of the fluxgate probes, manufactured
from metallic glasses, i3 presented. The fluxgate probes were either tape-wound, or flat, wet-etched ringcore and
race-track geometries, When combining low demagnetizing factor and high enough cross-section of the probe, a
minirmm in the noise dependence can be found. For 50 mm ringcores, in such minimum the noise value as low
as 7 pTaus in 0.1-10 Hz frequency band was achieved, which is very low for an as-cast tape, and has not been

reported before.
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1. Introduction

The coupling of internal noise of the magnetic mate-
rial to the noise of fluxgate sensors, manufactured from
that material is ruled according (o the commonly agreed
practice, by the so called demagnetizing factor of the
probe. This factor can be altered by changing the ge-
ometry of the probe {Fig. 1). For tape-wound sensors,
core radius can be modified or the number of tape-turns
can be altered. For ring-core and race-track geometries
etched from tapes, changing the width of the annulus or
stacking of the cores brings similar results.

The effect of the demagnetizing factor on noise was
shown by Primdahl [1] for a given ringeore diameter of
17 mm. Tape-wound racetracks, studied in [2], were also
optimized by altering the race-track geometry.

5 layers
D=8x103

~

ext

18 layers 46 layers
D=27x10? D=61x10%

Fig. 1. Demagnetizing factor as a function of ring-
core thickness (3D FEM simulation, the outer diameter
{12 mm) ig fixed).

However, mainly for ringcores with various diame-
ters, the comparison is not straightforward: the bending
stress, which becomes higher with smaller core diame-
ter, is worsening the fluxgate probe noise. This can be
handled either by appropriate zero-magnetostriction an-
nealing [3|, or at least by partially releasing the stresses

=100 A/m

*corresponding author; e-mail: jancaem@fel.cvut.cz

during field annealing of the tape-wound core in its final
form [4].

A different situation exists for flat cores wet-etched
from a wide amorphous tape. In this case the bend-
ing stress does not affect the probe noise, however the
smoothness of etching process and mainly the art of fix-
ing the core to the hobbin influence the noise. Flux-
gate probes with etched race-track cores were previously
studied in printed-circuit-hoard {PCB) sensors; however
the internal stresses due to embedding the core in the
PCB laminate affected probe performance [5]. In [4] the
authors have shown noise figure also for the race-irack
core which was not embedded in the laminate, however
its performance was limited by excitation electronics. In
this study, the working conditions were all the same for
all studied sensors in order to facilitate the comparison
of results.

2. Material and geometry selection

In this work, Vitrokov 8116 — a Co-Cr-Fe-B-Si metal-
lic glass tape was used, with an average thickness of
20 pm and with tape widths of 2.6 mm (wound cores)
and 20 mm (etched race-tracks).

— Taroid - fi 50mm
— Taroid - fi 12mm
~ Racetrack L30mm

0.2

0.4

06
-100 80 -0 4D =20

0
HIAmI

Fig. 2. B-H loops of the 3 core geometries.

(104)

-78 -

Michal JanoSek



Precise gradiometer suitable for space applications

Effects of Core Dimensions and Manufacluring Procedure. .. 105

For the tape-wound cores, the magnetoelastic effects
can be seen by using the same material for 12 mm and
50 mm diameter (Fig. 2). From the B-H loops it is evi-
dent, that even for these tapes with magnetostriction of
~1x 1077 this effect is present.

As for the 26 mm (ape width, the material did
not show any appreciable macroscopic heterogeneity,
which otherwise causes poorly reproducible inhomoge-
neous magnetic anisotropy, brought about by macro-
scopic siress between surfaces and interior of many Fe-
based ribbons (e.g. Finemets). The absence of this het-
erogeneity in Co-Cr-Fe-B-Si has been verified by com-
paring hysteresis loops prior to and after surfaces re-
moval when the ribbon thickness was reduced by 10+-15%
(2+ 3 pm).

In the 20 mm tape however, the heterogeneity was
present but still acceptable. The different B-H loop
shape of the race-track in the comparison is evident but
not caused by the tape macroscopic heterogeneity: the
explanation lies in the as-cast anisotropy of the amor-
phous tape due to the manufacturing process, which is
in the case of longitudinally etched race-tracks combined
in both of the perpendicular branches of the race-track.
An evidence for this behavior was shown in the MOKE
pictures in [4].

4. Noise measurements — setup and results

The setup of electronics and operating conditions of the
fluxgate probe were almost identical to that used in [4].
The resulting noise spectra for various tape thicknesses
in the case of 50 mm ringcores obtained in a 6-layer mag-
netic shielding can, are shown in Fig. 3. To decrease the
statistical error, an integral value of the noise in the fre-
quency band of 0.1 to 10 Hz was calculated.

10709

NEY

— 11 layers 50mm
— 19 layers 50mm
— 32 layers 50mm

— 46 layers 50mm

Noise PSD [TirtHz]
3

s
i~

10713

0.01 0.10 1.00 10.00 100.00

Tig. 3. Noise spectra of the 50 mm ringcore sensors.

The spectrum clearly maintains 1/ behaviour with
lowpass filtering vigible for frequencies above 12 Hz. The
measuring procedure was done for the 50 mm cores in
two tracks: 4 cores with different number of turns were
produced and also one core was sequentially re-wound
with decreased number of turns of the tape. The almost
identical 50 mm results shown in Fig. 4 are thus indepen-
dently obtained.

For 12 mm cores, there was a manufacturing problem
of the bobbins, so only values for two demagnetizing [ac-

tors are shown {5 and 10 ¢urns). Although no dependence
can be deducted, the overall increased noise, due to the
bending stress is evident. This was further confirmed
by the one-layer, 30 mm long race-track naise: absence
of the bending stress and relatively low demagnetizing
factor resulted in a noise comparable to that of 50 mm
wound cores.

The results are in agreement with the behaviour found
by Primdahl [1]. The noise for a given geometry slowly
decreases with the decreasing demagneltizing factor up to
a given minimum, from which it increases much faster.

107

—+—50mm unwound
—+=30-mm racetrack

Noise PSD (0.1-10Hz) [pT RMS]

10°
Demagnetizing factor

Fig. 4. Noise vs. demagnetizing factor for three ge-
ometries, including results of Primdahl for reference (he
uged 5, 10, 15 and 20 turns, respectively, on 17 mm
diameter).

The authors offer the following explanation: as the
cross-section of the magnetic material decreases in this
cage, also the signal-to-noise ratio of the whole sensor-
electronics setup decreases, so the lower demagnetizing
factor cannot bring a benefit anymore. Here the limita-
tion was nol, the 5 nV lock-in amplifier noise, but rather
remanent parasitic signal from unwanted even harmonics
in the excitation current, which does not change when
the core cross-section (and thus demagnetizing factor) is
altered.
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10 A gradiometer with 30-mm gradient base

10.1 The “single-core” fluxgate gradiometer

The single core gradiometer developed by the authpresented below in the
article [J4] (section 10.4). However to bring andepth information about the
problematic, the following five paragraphs brieftiescribe the theoretical and
practical aspects which were associated with theligmeter construction and
which did not appear in the article [J4] due tdiitdted scope.

10.1.1 Working principle

The basic principle of the single-core fluxgai/oi gradiometer involves using
two (or more) pick-up coils on a common sensor ¢&ig. 10.1), instead of two
separate sensors. This enables the use of smdibgratric bases — below 4 cm.

According to the state-of-the-art, the sensor carcdnnected after Fig. 10.1a),
with antiserially connected pick-up coils and agndetector as seen in [Berkman
1960] and [Mermelstein 1988]. However, this makestatization difficult.
Alternatively, the output of two PSD detectorsustsacted in accordance with Fig.
10.1b), where the PSD (ADC) gains can be alterextatize the gradiometer.

N N Y L - [T ﬂm—‘_L -
] T m R 1 -
—]
L bpsp )

Fig. 10.1 — A single core gradiometer with a) dirdcsignal subtraction, b) detector
difference

As rod-core (Foerster, Vacquier) fluxgate geomsttend to be noisy at their
respective ends, which are not well saturated [®ipRO1, Musmann 2010], the
favorite core geometry is in this case a race-tréckace-track geometry has the
advantage of a closed magnetic circuit [Ripka 19@B8iile preserving lower
demagnetization than a ring-core.

The fact that the flux in the magnetic core is fibittened” by its high
permeability can be demonstrated by a simple FERUkstion, as shown in Fig.
10.2 and Fig. 10.3. In these figures, the magrfatic density profile across the
linear branch of the race-track path, where th&-pj coil is usually placed, is
plotted in the presence of a linear, first-ordeadignt field of IuT-m*. The flux
density near the rounded race-track parts is infled by the different
demagnetization factor, as expected.
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Fig. 10.2 — FEM simulation Fig. 10.3 — Results on the two posgirocessing paths.
of the flux density profile in The applied gradient (red) and the core flux densjt
a race-track core (black) are shown.

10.1.2 Single core gradiometer noise analysis

The following results have been presented at tieEERMAG 2011 conference in
Taipei under the titleSpatial correlation of race-track fluxgate noise”

To investigate the noise correlation across a ta« fluxgate sensor core which
is suitable for single-core gradiometers, the npisdile of a 70-mm PCB-fluxgate
was measured. The size was chosen for the purpbsesomparison with the sensor
used by [Ripka 1997]. The excitation frequency WwlskHz with 10 % duty-cycle
pulses. The amplitude was 1 A p-p only to pronouthednhomogeneities and defects
in the core. The sensitivity change was recalcdlébe each position of the pick-up
coil to obtain the noise in the field units. Frohetnoise profile in Fig. 10.4, it is
evident that the race-track ends are almost 3xardlzan 6 mm away in the direction
of the core centre (the sensor noise in the middle 10 pT), even when there is no
bending stress as the core is etched from a sihglet.

90.00 T 1.6E-03

oo _ [
70.00 1 1 12E.03

60.00 1

——Noise PSD T L.OE-03

50.00 1

—— Noise/Sensitivity 4 8.0E-04

40.00 1

T 6.0E-04
30.00 1

Fluxgate noise [pTrms @ 1Hz]

Noise/sensitivity [A.U.]

20.00 4 T 40E04

10.00 4 T 20E-04

0.00

0.0E+00

position from core edge [mm]

Fig. 10.4 — Race-track fluxgate spatial noise prdé
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There can be two reasons for noisy race-track ends:

1. The fluxgate core etched from a flat magnetic tdpes not have uniform
anisotropy along the excitation path due to the@mpy of the amorphous magnetic
tape, resulting from the manufacturing processK&ip001].

2. The level of saturation of the round race-tracksedepends strongly on the
excitation turn distribution at those ends. Thislésnonstrated by FEM simulation in
Fig. 10.5. The incremental permeability with 0.%eRcitation current applied to the
two solenoidal windings (not shown here) is up #\8ith no turns on the round part
and below 1.8 with five extra turns, respectively.

=
MurIncr in Henry/m

b)

Fig. 10.5 — Incremental permeability profile for the case without excitation turns (a)
and with excitation turns (b) at the round race-track ends. The saturation values are
3.4 (yellow) and 1.001 (black)

a)

-82 -



Precise gradiometer suitable for space applications Michal JanoSek

10.1.3 Noise Correlation

The performance of a gradiometer depends not anty@ overall noise but also
on the noise correlation at two core positions whtre coils will be placed.
[Buttino 1986] measured the correlation of
magnetic noise on open cores. For places
with correlated noise, a cross-spectral
measurement technique can further
suppress the core noise, as was described
by [Koch 2001]. In a theoretical case, the
correlated noise in a single-core
gradiometer would be subtracted in this
case. However, this was at the cost of
computational power and also averaging,
and this makes the measurement very
slow.

A similar race-track fluxgate to that
used by [Ripka 1997] was manufactured,
with two 150-turn pick-up coils. The coils
were positioned either with the reference
coil in the fluxgate centre, or at the core
ends — see Fig. 10.6. As the core did not
have any extra excitation turns in the round pérthe fluxgate, the noise at the
core-ends is quite high — it was 11 pTH# 1 Hz at the core ends and
5 pT-HZ°@ 1Hz in the middle of the core.

Fig. 10.6 — Race-track fluxgate setyp
for coherence measurement

The noise was measured using two SR-830 lock-inlihenp and a dual-input
Agilent 5670A FFT analyzer, applying its internaherence function. The noise
measurements were made in a 6-layer Permalloydskielue to its attenuation of
100,000x, the DC field inside the shield was beldwnT due to the remanence of
the shield magnetic material. Thus the sensor wasksf it were operating in a
feedback loop (around zero).

Fig. 10.7 shows the decrease in noise coherenceailg®l) is moved away from
reference coil (R) towards the edge of the core ddherence has a 1/f character,
due to the character of the fluxgate noise: at \@wfrequencies and thus at large
noise amplitudes, the noise coherence is higher.cbirelation distance, as defined
by [Buttino 1986], is in turn higher, too. However higher noise frequencies, and
thus for lower noise amplitudes, the noise is nocal and its coherence is already
low at 10-mm coil separation.
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B:CoherenceZ/1 X:1.0312 Hz
1

Real
Looh—
e-3
/div

93 7hmHz

Fig. 10.7 — Noise coherence with the reference c(R) in the center. The to the movable
(M) coil increases with 5-mm steps in the arrow diection.

This was repeated for the reference coil at thegfite edge. The coherence for
the same 5-mm steps towards the middle of the #&texgshows the same
dependency as in Fig. 10.7.

ALz UHLZ
A:CHL Pwr_Spec X:1.0312 Hz Y:11.3402 p*
100 ¥¥ = BUrms/rtHz
p*
LogMag

decades

1
*
93.75mHz AVG: 108 25.0938Hz
B:Coherence?/1 %sl Hz

|

L] = = 1 | 1
Real |
1 - =TT

93.75mHz ) T AavG: 200 25.00935Hz

Fig. 10.8 —Noise coherence with reference coil (R) at the erad the core. The steg
are again 5 mm. The noise PSD at the reference cisilplotted (in pT,ms/VH2).
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If the coherence is plotted as a function of thetatice for the two reference
coils, the graph in Fig. 10.9 is obtained. The cehee decreases much faster with
the edge coil as a reference than in the caseeofdhtre reference coil. Thus the
correlation path is short for the edge referendé ¢he noise is more local (i.e.
from the unsaturated part of the racetrack) thathéncentre: the noise in the centre
tends to have a global minimum, which would bertbese limit when applying the
approach by [Koch 2001].

0.6
!\

05 | N\

oa ] —+— Centre coil ref
= " = Edge coil ref
£ 03 AN
© 02 .

0.1

O T T T T
0 10 20 30 40 50
coil dist [mm]

Fig. 10.9 — Coherence as a function of coil sepaia for the two
reference coil positions

10.2 The gradient feedback coil

As the single-core gradiometers by [Berkman 19@Wermelstein 1988] and
[Ripka 1997] operate in open-loop, a gradient-éamilgradient field feedback was
designed to overcome this problem. By using a gradieedback coil and the
corresponding feedback-loop electronics, not otdple sensitivity to the magnetic
gradient is assured but, in addition, the gradioimdtase can also be decreased.
Further, if two sensors are used in the gradiométergain of the gradiometer with
gradient feedback coil does not depend on theipnsif the two sensors.

Gradient coils are extensively used in medicing, their design tends to be
complicated [Turner 1993]. For example, [Pouladfamt 1990] designed a coll
with different diameters for each coil segment. ikinlthese designs, a simplified
gradient coil was designed, see Fig. 10.10 [J4¢& diameter of the gradient coil is
uniform and the coil is discretized in a numbesettions with a different number
of turns. The sections were manufactured by latiheirig, and the number of turns
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in each coil section varied in a nearly-linear dejmce on the distance from the
centre of the coil. The coil was 10 mm in diameted 40 mm in length, and the
groove-width was 1 mm.

An already existing race-track fluxgate sensor tgped at TU Braunschweig
[RUhmer 2009] was inserted into the manufacturedigmetric coil - Fig. 10.10 b).
The coil was used not only for feedback but alscsignal pickup, and thus enabled
a fluxgate magnetometer to be converted to a flisxgeadiometer.

Fig. 10.10 — Gradient feedback coil — the design)(and the manufactured coil (b)

The field nonlinearity is below 2% at the edges wheing an optimized series of
coil turns (one half had 65, 42, 35, 29, 24, 20,111 7, 3) — see Fig. 10.11. The caoil
constant determined from FEM simulation was 1.38()-A™.
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Fig. 10.11 - Gradient coil field profile (blue) andnon-linearity (red)
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10.3 Calibrating coils

The gain of a gradiometer with a gradient coil liasbe determined by
calibration using a known gradient field sourceadent calibrating coils (Maxell-
pair) have been designed and custom built at TWiehweig, see Fig. 10.12 - G.
A four-coil system [Kirschwink 1992] for creatingr@mogeneous field (H) shared
the same 0.44x0.44x0.47 ooil frame.

Fig. 10.12 — The structure of the Fig. 10.13 — The single-core
calibration coils gradiometer during calibration

The coil constants (122 pT-A, Kc=78 pT-n-A™) were obtained by FEM
modeling, and were verified by measurements witlaldbrated solenoid — see Fig.
10.14 and Fig. 10.15. For the homogeneous coil, dhea with £1000 ppm
homogeneity was 170x100 rnThis is more than twice the value for Helmholtz
coils of comparable size. High field homogeneity réxjuired for astatizing a
gradiometer and for measuring gradiometer CMRR.

Mod (B) in Tesla

47.508 E-§

Fig. 10.14 - The field profile of the Fig. 10.15 - Field profile of the gradient
homogeneous coils. Colour map scale is 500 nT coils. The colour map scale is 100 uT
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10.4 Single-core gradiometer with gradient feedback lo  op

Using the gradient feedback coil, the author preddabe feedback operation of
the gradiometer. In addition, unlike in previousides, an additional feedback coil
is used to suppress also the large homogeneowus fle¢ large common-mode
caused by the homogeneous Earth’s field is redaoced as the core is kept in the
nearly zero-field, the inhomogeneities of the maigneore play a minor role in
gradiometer astatization.

Fig. 10.16 — A single core gradiometer with gradigrfeedback, redrawn
from [P1]

The principal circuit of the gradiometer, which Haeen patented by the author
[P1] is shown in Fig. 10.16. The two electroniceaftient and homogeneous) work
simultaneously with their respective feedback (aatso pick-up) coils
compensating the homogeneous field and the madimdticgradient. The feedback
loop (gradient or homogeneous) is facilitated using/l converter, and the output
voltage of each channel is proportional to the liee#t current, sensed on resistor
R, which is a typical circuit for feedback-operatigkgate magnetometer [Ripka
2001].

The following paper Single-core fluxgate gradiometer with simultaneous
gradient and homogeneous feedback operati] was published in Journal of
Applied Physics in 2012 after presenting at thB 66nference on Magnetism and
Magnetic Materials. It describes the constructiord ahe performance of the
feedback-loop operated single-core gradiometerldped during the author’s stay
at TU Braunschweig in 2011. The author provided a&om contribution to the
publication both in the theoretical part and experital results.
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Single-core fluxgate gradiometer with simultaneous gradient
and homogeneous feedback operation

Michal Janosek,"® Pavel Ripka,' Frank Ludwig, and Meinhard Schilling®
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A novel configuration of a single-core gradiometer, utilizing both homogeneous and gradient
feedback operation, is presented. The fluxgate gradiometer comprises of a standard pick-up/
feedback coil and an additional gradient pickup/feedback coil with two separate electronic blocks.
The 40-mm-long gradient coil is concentric and coaxial with the homogeneous pickup/feedback
coil: the gradient coil assembly was slipped over an already existing race-track fluxgate sensor.
The gradient coil works as a pick-up coil and it also generates the compensating field which well
approximates a first-order gradient field with zero spatial-mean value. Together with the compen-
sating field from the homogeneous feedback coil, it is thus always possible to measure in two inde-
pendent feedback loops the homogeneous and gradient field components. The 1/f gradient noise is
4 nT/m/V‘"Hz @ 1 Hz, and it can be further improved by separating the gradient feedback and com-
pensating coil. © 2012 American Institute of Physics. [doi:10.1063/1.3676238]

Michal JanoSek

I. INTRODUCTION

A common type of magnetic gradiometer with fluxgate
sensors uses two separate sensor heads, either using two
single-axis sensnrs,l or two orthogonal triplets.2 In both of
these cases, the fluxgate sensors typically work in a compen-
sating feedback. The so-called gradiometric base, which is
the distance between individual sensor heads, affects resolu-
tion and noise when measuring the magnetic field difference
and it also defines the rate of approximation of the measured
value to the magnetic field gradient. The gradient base is
however limited to certain minimum distance (usually tens
of centimeters), which is determined mainly by mutual inter-
action of feedback-compensated sensors.

If the gradiometer is used for suppressing of interfering
fields during measurements of weak, point-like sources (e.g.,
magnetic nanoparticles in medicine), the excessive length of
the gradiometric base does not allow to efficiently suppress
close sources of interference.® Also, it is difficult to measure
the magnetic field gradient with a good rate of approximation
in the presence of higher-order gradients or if the gradient is
weak (i.e., when the reading of the distant sensor is buried in
noise). In addition, the angular deviation between the sensor
heads results in gross measurement error, and therefore very
stable fixture of the sensors is required.

A so-called “single-core” fluxgate gradiometer, i.e., a
gradiometer using a single fluxgate sensor and two or more
pick-up coils along its core, allows to shorten the gradiomet-
ric base. These gradiometers measure the axial gradient of
magnetic field and they have been introduced in 1960s.” The
single-core gradiometer principle was since then used in a

“Author to whom correspondence should be addressed. Electronic mail:
Jjanosem@fel.cvut.cz. Fax : +(420) 2 3333 9929.

0021-8979/2012/111(7)/07E328/3/$30.00

111, 07E328-1

rod-type fluxgate gradiometer® with separate signal process-
ing blocks, and a race-track type was presented with the
pick-up coils antiserially connected.” As these gradiometers
were operated in an open-loop, their parameters were unsta-
ble with temperature and time. In this paper, we introduce a
gradient feedback using a special gradient coil. It allows,
together with the standard homogeneous feedback, to
create a single-core fluxgate gradiometer/magnetometer with
promising parameters.”

Il. SINGLE CORE GRADIOMETER THEORY

If the uniaxial first-order gradient field is measured by
two separate and coaxial fluxgate elements of length /, origi-
nating at the coordinates L and L,, respectively, as shown in
Fig. 1, we can write®

_]}i' ”H(Jc)d_\' - [_,_L y iH(_Jr)a’x
L2 — L)

aH  dH _ dH

dr dr La—1L,

(1

If the two fluxgate elements are joined together so that
the coils share one common fluxgate core (L, +1=1L;), the
single-core gradiometer is established (Fig. 1). Equation (1)
is valid also for this case.

The distance (L, — L) is the “gradient base,” d. It is
evident that the approximation is approaching the derivative
definition only for a very short gradient base. Assuming
that each of the two pickup coils is measuring an average
of the magnetic field (its integral over the coil length /)
with a sensitivity S [V/T] and outputs a voltage V, we can

write
Lvi_V
d\§ §

© 2012 American Institute of Physics

dH

== 2)
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Q Vj

FIG. 1. The coaxial fluxgate gradiometer—two separate core elements, or a
single-core type if the two cores are joined.

If the gradiometer is perfectly astatized, i.e., if the two sensi-
tivities are known or equal, the gradiometer output can be
rewritten to a simple equation

dH
(vl—vz):s-d-a. 3

lll. THE GRADIENT FEEDBACK

We introduce a gradient-feedback loop, compensating
the measured first-order-gradient field. The use of two flux-
locked feedback loops in the two pick-up coils would be
possible, but they would influence each other and finally the
gradiometer output would be difficult to interpret. Suitable
coils are already used in MRI,” but we found them difficult
to manufacture. We thus designed a gradient coil of different
type: it consists of equidistant sections of equal width, where
the number of turns N in the respective sections almost line-
arly decreases to the coil center and, after reversing the
winding direction in the middle, again increases to the coil
end (Fig. 2). The coil bobbin could be easily manufactured
by lathe-turning.

In order to increase simplicity and also geometrical sta-
bility, this coil is also used as a gradient-pickup coil, For cal-
culating the theoretical output, the Eq. (1) is now rewritten

FIG. 2. The single-core gradiometer with homogeneous (H) and gradient
feedback coil {(G). The number of turns of gradient coil N(x) and gradient
field H(x) are shown.

J. Appl. Phys. 111, 07E328 (2012)

according to Fig. 2, Ly =—I. L,=0 and the gradient base
d=(L;—L;)=I1. We further assume that the sensitivity
between (—7,0) and (0, (depending on the number of turns)
is a linear function of the position, thus, we can define its
spatial derivative dS(x)/dx = *s. Analogically if the
measured field A is only a linear function of x,
OH (x)/0x = dH (x)/dx = g. The output voltage V of the gra-
dient pickup coil can be then written as

V= [lz [ f ;S(X)H(x)ci\' - J;{S(_x)H(_x)dx]
-1 [ J‘ (o grla - JO - gx)dx] L@

and after simple calculation and substitution for
g = 0H(x)/0x the output can be rewritten as

v==:"d (5)

The number of turns of the gradient coil was determined
by optimizing the linear series with finite element modeling
(FEM) in the Flux3D software package in order to obtain
best linearity. The 40-mm long gradient coil consisted of 20
sections—the section width was 0.2 and the pitch 1.8 mm.
The gradient coil diameter was 10 mm, the coil sections with
twice 65, 42, 35, 29, 24, 20, 16, 11, 7, and 3 turns were
wound with 0.056 mm diam copper wire (Fig. 3). The gradi-
ent coil constant was determined by the FEM analysis as
1.38 (T.m™").A~", and was later verified experimentally by
calibrations.

The coil support was swept over an existing tape-wound
race-track fluxgate sensor with homogeneous feedback and
separate pick-up and feedback coils.® The dual electronics is
a common type with an integrating regulator in the feedback
loop. Both electronics share the same reference signal, how-
ever the phase adjustment is done separately: we found it
necessary in order to keep the feedback loops stable.

The single-core gradiometer is usually influenced by
core inhomogenities, causing false response to homogeneous
fields even after careful astatization.” We observed that the
simultaneous use of a homogeneous feedback loop decreased
this effect by keeping the core in zero-average field.

IV. GRADIOMETER PARAMETERS

A coil system producing coaxial gradient and homoge-
neous field was used for the calibrations. The rectangular

FIG. 3. The fluxgate gradiometer shown with I-cent coin.

-90 -



Precise gradiometer suitable for space applications

Michal JanoSek

07E328-3 Janosek et al.
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FIG. 4. Noise spectral density of the gradiometer.

4-coils system"’ assured high field homogeneity. The gradient
coil of Maxwell-pair type shared the outer two coil supports
of the homogeneous system. During calibration, the gradi-
ometer was positioned to the geometric center of the coils,
thus not influencing homogeneous reading by applied gradi-
ent field. A quasistatic field (4 Hz) was used for the
calibrations.

The sensitivities of the gradiometer were determined as
0.17 V-pT " and 0.163 V-(uT-m ")"" and agreed with the
coil-constants of both feedback-loop coils. The sensitivity of
homogeneous reading on gradient field was found as negligi-
ble, but the parasitic sensitivity of gradiometric reading on
homogeneous field was significant - 0.2 (nT.m T "
However, as this dependence was found to be linear and the
homogeneous field value is measured simultaneously, it
should be possible to compensate for this effect.

The noise of the gradiometer was measured in a 6-layer
Permalloy shielding can, the noise spectral density is shown
in Fig. 4. The 1-Hz noise of 4 nT-m '/\/Hz is higher than
expected, and should not be influenced by the 10 pT/,/Hz
“homogeneous™ noise of the magnetometer which was used
to build the gradiometer. The sensitivity to gradient of
14 V(T'm =1 means that the noise level is already influ-
enced by the electronic noise. Further increasing the sensitiv-
ity by increasing the number of turns is, however, possible
only when splitting the gradient coil to separate feedback and
pickup coils, since its coil constant is already very high: for
I nT.m "' field gradient, a current of only 0.7 nA is needed.

V. EXPERIMENTAL RESULTS

The gradiometer performance was verified with a
22-turn, 9-mm diam and 3 mm long coil representing a
dipole-like source, in an unshielded laboratory environment.
The 20-Hz, 50 uA;,s coil current resulted in a dipole
moment of approximately 0.07 uA.m.? The fluxgate sensor
was positioned coaxially to the source and the distance was
increased in 5-mm steps from the minimum distance of 20-
mm required for true 1/ field dependence. The signal-to-
noise ratio (SNR) was measured for both the homogeneous
and gradient output in a 1-Hz bandwidth. Figure 5 shows
that the SNR ratio of 10 could be maintained for more than
doubled distance in the case of gradiometric output. The
power-law extrapolation of the results (Fig. 5, dashed trace)

J. Appl. Phys. 111, 07E328 (2012)
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FIG. 5. (Color online) The SNR in 1-Hz bandwidth for homogeneous and
gradient readings for a dipole source in an unshielded environment (in log-
log scale).

confirms the feasibility of the gradiometer for measuring the
response of weak, point-like sources in an unshielded
environment.

VI. CONCLUSION

We have presented a single-core gradiometer with both
homogeneous and gradient feedback operation, with a gradi-
ent base of 40 mm. The linear parasitic sensitivity to homoge-
neous fields, which is inherent to single-core fluxgate
gradiometers, can be reduced by knowing both the homogene-
ous and gradient field value. The gradiometer noise of
4 nT-m_',t‘\/Hz maintains 1/f character over the whole 20-Hz
frequency range and it can be further lowered by, e.g.,
separating the gradient pickup and feedback coil into two
coils of different number of turns, allowing to gain on sensi-
tivity. We confirmed that the gradiometer is feasible for meas-
urements of weak point-like sources where minimum sensor
distance is required, i.e., in magnetorelaxometry of magnetic
nanoparticles.'® Further suppression of the unshielded, envi-
ronmental noise could be achieved by simultaneous numerical
corrections of the gradient output signal for parasitic sensitiv-
ity to homogeneous fields.
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10.5 The dual-core feedback-loop operated gradiometer

The high noise — 4 nT:#HZ%° — of the single-core gradiometer described in
[J4] was found to be caused by:

= Low sensitivity of the gradient coil when used assensing coil:
14 V-(T-m")™* sensitivity and 5 nV input amplifier white noiseatls to
approx. 0.4 nT-mMHZz"° white noise.

* The high constant of the gradient coil: for comgeing 1 nT-rit, only
approx. 0.7 nA compensating current was needed;hnikiwell within the
noise of the operational amplifiers.

» The noisy race-track ends were sensed by the gitaciid (this took place
where the number of turns of the combined sensimggpensating coil was
highest). Due to the low correlation the noisedssuppressed.

The first and second noise sources are coupledhtageso the design of the
gradient coil, if it is to serve both for signatkiup and for signal compensation, is
a trade-off. In order to overcome the problemshaf single-core gradiometer, a
classical “dual-core” gradiometer, was proposedhwitvo ring-core fluxgate
sensors, but using the gradient feedback coil, Fge 10.17 [JanoSek 2011].
Because two separate fluxgate sensors are usédgdies can be controlled and
the noise correlation is kept to a minimum. Theg+@ore sensors that were
developed and used in the gradiometer also haveadvantage of low noise
(Chapter 9).

The two cores as shown in Fig. 10.17 and Fig. 10ai® placed in the milled
bobbin (8), where homogeneous and gradient feedtwitkare wound - Fig. 10.19
and Fig. 10.20. Pick-up coils 14 and 24 serve aseseoils only. The signals for the
error detector of the gradient and homogeneousbtesddloops are obtained by
summing or subtracting the (phase sensitive) redtifpick-up signals of the
respective coils.

Fig. 10.18 — The sensor head milled from
PEEK GF30, before winding the respective
feedback coils.

Fig. 10.17 — The dual-core gradiometer - from
[JanoSek 2011].
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Fig. 10.19 — Gradiometer head #1 milled with a Fig. 10.20 — Gradiometer head #2, using the

FR4 coil bobbin. PEEK bobbin, H feedback coil (orange wire)
not yet optimized.

The number of turns of the gradient s coil wasroed by FEM simulation.
The number of milled grooves was 23. The homogendeedback coil was also
optimized to provide better field flatness thareguiar solenoid: instead of uniform
turns density, the number of turns of the homogesdeedback coil was 54, 4, 28,
0, 28, 0, 28, 0, 28, 0, 27, 1 (and vice-versa) Wwhiesulted in H-feedback
nonlinearity less than 0.5% (Fig. 10.21).

15 2.E-05 0.5 6.8E-05
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)
w < 0.3 1 =
s 5 T5E® E T - 6.4E-05 £
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5 2 £ 014 K
2 S 8 4 60805 2
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Fig. 10.21 — The field profile and the non-linearig of the gradient coil (left) and the homogeneous
cail (right) — from FEM simulation in FLUX 3D

The gradiometer operation was verified in a MATLARBmMulink, confirming
that in the feedback-loop operation (assuming aalidontroller - integrator - in the
feedback), the gradiometer gain is independenhefindividual sensor gains and
their position, as long they stay in the linearioagof the gradient coil. This is an
inherent advantage over any other gradiometer teieiavith separate sensors or
sensor elements [Sasada 2014, Griffin 2012]. It alas found that the offsets in
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the summing and subtracting circuits should be Kept, otherwise a large
gradiometric offset arises. This was later verifigdthe constructed gradiometer.

The gradiometer has been constructed by collalboratiith CSRC s.r.o.
company in the frame of a project of Technology Wgeof the Czech Republic —
the power supply and FPGA-driven excitation boags wrovided by the company
[CSRC 2013].

Fig. 10.22 — The gradiometer head with the gradionter electronics

The next proceedings pap&bual-core fluxgate gradiometer with gradient
feedback’[W1] was presented at the 2013 IEEE Conference on Seriduw paper
describes the structure and the operation of a-chral gradiometer and the
parameters — noise and parasitic sensitivity todgeneous fields — are determined.
We were able to astatize the gradiometer in a Bpecientation to the Earth’s field
requiring only the information about the homogergefield in the gradiometer axis
which is provided by the gradiometer anyhow. Beeaas limited scope of the
proceedings paper, the relation of the proposedtiaation to the method
introduced in [Merayo 2001] is not shown - it izvgh in the next paragraph. The
gradiometer parameters have been later improvethdrgasing the gradiometric
base from 20 to 30 mm. The author’s contributios wethe gradiometer design, its
astatization and field measurements, together syittthesis of the results.

-94 -



Precise gradiometer suitable for space applications

Dual-core fluxgate gradiometer with gradient feedback

Michal Janosek, Antonin Platil, Jan Vyhnanek

Dept. of Measurement, Faculty of Elec. Eng.
Czech Technical University in Prague
Prague, Czech Republic

Abstract—A fluxgate magnetic gradiometer with two fluxgate
sensors and gradient feedback loop is presented. The two
feedback coils, gradient and h 2 are to both
fluxgate sensors. The signal from the two sensors acts as
regulating input in the two feedback loops, improving stability
of the gradiometer. The presented gradiometer overcomes the
problems of state-of-the art gradiometers which do not allow to
decrease the sensor spacing. Because the information about
homogeneous field is also available at the gradiometer output, it
is possible to astatize the gradiometer. The presented
gradiometer has a gradient base of 20-mm with overall sensor
head size of 10-cm only and its noise is less than 1.1 nT/VHz @1
Hz.

1. INTRODUCTION

A small and sensitive gradiometer finds usage i.e. in road
traffic regulation, scanning for buried ferromagnetic targets or
in geophysical and geological exploration, when the
information about the depth of a ferromagnetic target (e.g.
meteorite) or position (head of a drilling machine) is needed.
Small dimensions of the gradiometer head (<10 c¢cm) are
needed either by space limitation or if magnetic gradient is
needed for position or other calculations (derivative
approximation effect).

The state-of-the-art axial gradiometers are using two
independent fluxgate sensors with own feedbacks [1].
However this brings several fundamental problems: the
feedback coils tend to influence each other, so the sensor
spacing - gradient base — is limited to tens of centimeters and
larger; and more importantly, the geometric stability of the
two sensor axes is of a great importance, pronouncing larger
gradient bases. A solution for compensating of geometric
errors would be using two triaxial sensor heads [2], allowing -
after calibration —a possibility for compensating of angular
errors, however keeping the problem of influencing feedbacks.

The so called single-core gradiometers [3, 4] can have the
gradient base smaller than 40-mm. They are however limited
by instability of parameters due to open loop operation,
sensitivity to homogeneous field was found as high [5]. The
problems of open loop operation single-core gradiometers
were addressed by introducing gradient feedback coil by the
authors [6]. However the single-core gradiometer tended to be
noisy (3 nT/m/Hz @ 1Hz) because of the correlation of

978-1-4673-4642-9/13/331.00 ©2013 |EEE

Jan Brinek

Czech Space Research Centre Ltd.
Brno, Czech Republic

X-ray image of the gradiometer sensor head

Figure 1,

magnetic flux in the core. This limitation is now addressed by
the authors using two separate ringcore fluxgate sensors and
an appropriate signal processing electronics.

II.  GRADIOMETER CONSTRUCTION

A.  Sensors and coils construction

The sensors cores are constructed using cobalt base
amorphous tape which is wound in a 12-mm diameter
MACOR bobbin and subsequently annealed in magnetic field
to lower the sensor noise [7]. The ring cores are placed in a
cubic holder, where the respective pickup coils are wound.
The finished sensors are placed with 20-mm spacing in the
fiberglass feedback coil holder — see Figure 1. The feedback
coils — gradient and homogeneous one — are wound on top of
each other using the grooves in the holder. There are 23
grooves and the number of turns of each of the two feedback
coils was optimized using FEM modeling in FLUX3D
software, in order to obtain clean homogeneous and gradient
response. The homogenous feedback coil design is of great
importance, because due to the 20- mm sensor spacing only
fractions of per-cent nonlinearity are tolerable to avoid errors
due to gradient generated in the homogenous feedback coil.
The gradient coil design is similar to [6] as can be seen in the
X-ray image in Figure 1, only the number of turns has been
optimized.
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Figure 2. Block diagram of the gradiometer

B. Principle of operation

The gradiometer operation relies on two independent
feedbacks for gradient and homogeneous component of the
axial field. The block diagram in Figure 2 shows the basic
electronic blocks of the gradiometer — the excitation, DC/DC
and phase signals for detection electronics are derived in the
FPGA module. The fluxgate excitation uses H-bridge with
transformer and parallel-tuned excitation circuit, the detection
uses full-wave phase-sensitive rectification. The error signals
for the PI regulator of the respective feedback circuits are
derived from the sum (homogeneous feedback) or difference
(gradient feedback) of the two demodulated sensor outputs.

C. Gradiometer parameters

The analog outputs of £10 V correspond to £100 uT in
homogeneous channel and 52 pT/m in gradient. The
calibration was performed using Maxwell-coil pairs for
gradient field and Meritt-type coils for homogenous field.

The gradiometer was constructed as a two component
system — electronics and sensor head are interconnected with
3-m long sensor cable, to avoid gradients from the electronic
components. The gradiometer sensor head overall size is
10em x 5cm. The power consumption of about 2 Watts is
mainly governed by high excitation level of the fluxgate
sensors (3A peak to peak): if higher sensor noise would be
tolerable, the power consumption can drop to one half.

II.  EXPERIMENTAL RESULTS

A.  Noise performance

Noise was measured in a cylindrical 4-layer Permalloy
shielding can in laboratory conditions. The results shown in
Figure 3 show that the noise of gradient channel is
1.1 nT/m/\Hz (@ 1 Hz. The 1-Hz noise PSD is 3x better than
previously reported in [6] in the case of single-core
gradiometer. Noise can be further improved by using low
noise instrumentation amplifiers sensing the feedback current
(currently INA129).
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i
o
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-
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Figure 3. Noise of G and H channel of the gradiometer

40
E
= 30
5
5 20
€
2 40 — H component
E —— G component
o
= 0 —— G comp. - corr.
2
AVAVEWAWA
€
é’ -20
3 -

Figure 4. Gradiometer astatization in calibrating coils

B.  Gradiometer astatization — response to homogeneous
component

The gradiometer was astatized in laboratory condition
using 0.45-m large Merrit-type coils with high homogeneity. It
was possible to suppress the sensitivity to the applied
homogeneous field almost completely by using a simple
correction assuming that the homogeneous feedback coil still
creates field gradient. The blue trace in Figure 4 represents the
homogenous field applied (and measured), the red trace shows
(raw) gradient response G and the green trace shows G,
which is the result after the correction using the information
about homogeneous field /{ using £=0.45:

’

G, =G-G=G-H-k

However, it has been found that this astatization is valid
only for in-plane measurements, i.e. when the sensitive axis is
parallel to measured vector, When the gradiometer was
subject to movement in homogenous Earth’s field vector in a
magnetic  observatory in a clean and homogeneous
environment, there was still significant response to
homogeneous fields.

It was assumed that the remaining response is governed by
the tilt of one of the two sensors in the head.
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Figure 5. Sensor difference due to H field caused by mutual sensor tilt

To verify this hypothesis, the gradiometer was placed on a
non-magnetic theodolite and vertically rotated in the direction
of Earth’s field vector by 90 degrees (limited by the theodolite
construction). The H reading follows the cosine and G reading
sine dependency — see Figure 5. If we recalculated the G
reading by gradient base of 20-mm, the resulting difference
measured by the two sensors (due to the tilt of one of them)
varies between -0.4 to -1 pT depending on orientation to the
Earth’s field vector.

If we define & as an angle defining sensitive axis orientation

to the vector H measured, we can introduce the misalignment
angle (tilt) & of the second sensor in the sensing head. The
remaining parasitic gradient response G*” will be then:

G = sin(a)v|ﬁ| -1g(o)- 50

For an assumed tilt of 1.45°, the calculated sensor difference
follows the measured values (the “flat region” apparent on
measured data was found to be caused by approach to
saturation due to high gradient reading).

If the angle of the gradiometer probe sensitive axis to the field
vector and also field amplitude are known, it is easy to
perform the corrections on G’ and G™’. In the case of Earth’s
field, the angle can be calculated.

C. Real-world measurements

Real-world measurements were performed in a public
park, where the Earth’s magnetic field was homogeneous
enough, allowing to apply the suggested corrections on
gradiometer response. The gradiometer was “waved” in
several different positions to the Earth’s field vector. The
measured values are shown in Figure 6. It can be seen that
after the first corrections on G’, there is still significant
response to homogeneous field. The second correction on G
used a rough calculation of the orientation to Earth’s field

80000
—H component
60000 — G component
T —G - 1st correction
i — G - 2nd correction
= 40000 4
&
E 20000
S
a
]
E3
-20000
-40000

Figure 6. Real world measurement — effect of the 2 corrections
vector using the H value. The resulting trace shows good
suppression to homogeneous field if both corrections are
applied. However, as the orientation to the field vector could
not be apriori known in other cases, it might be helpful adding
another 2 orthogonal axes to the gradiometer, which would
give information about the orientation.
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10.6 Astatization

10.6.1 Simplified astatization in detalil

The previous paper [W1] presented a simple algworifor astatization of the
gradiometer with gradient feedback, which was dstigxperimentally. We showed
that for a specific orientation of the probe in Herth's field, information about the
homogeneous field H is sufficient to astatize thadgpmeter up to a certain level.
Because of the limited scope of the published pagdditional information is
supplied below which shows the relation with thestsation approach of [Merayo
2001].

For two-sensor gradiometer astatization, we carsiden the Equation 8.7,
whereG" - as defined in [W1] - is the error term due toss® misalignments:

G" = a,|B|(-¢sing, sing, + Hcosh, cosp,) (10.1)

However, if we keep angle, near to 90° using the coordinate system of
[Merayo 2001], i.e. if the probe orientation in tBarth’s field is N-S as in [W1] ,
we arrive at:

G" O-a,|B|(#sinb,) (10.2)

Finally, we arrive at an almost identical equatiarhich was found in [W1]
(assuming that the angpeis constant):

G" 0|B|Bing, (K (10.3)

Angled, can be calculated, when we know the (approximagedh’s field flux

density scalar valuBe (approx. 48,000 nT in our location) and we haverappate
information about the homogeneous field measuretthdhomogeneous channel of
the gradiometeBy, :

g, =cos”— (10.4)
This simple astatization can be applied e.g. in W&kction. The CMRR of the
gradiometer can be then improved without using rimogonal X-Y sensor pair, if

the scanning direction is maintained North-Soutth ifithis direction is kept during
scanning.
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10.6.2 Full astatization

If the gradiometer is to be moved freely in thetEarfield, the condition of
simplified astatization (10.6.1) cannot be fuliilland thus full astatization (8.2.1) is
essential. Also in this case, two orthogonal senkarve been added; in the form of
an additional digital magnetometer (Fig. 10.23)johwas developed in the scope
of a Technology Agency project [CSRC 2013].

Fig. 10.23 — Assembly of the gradiometer (right) ahmagnetometer (left) used for astatization

The gradiometer output was digitized with the spiltechannel of the 24-bit
A/D converter of the digital magnetometer. Inforraatabout the homogeneous
field was used from the gradiometer; Bnd B were sensed by the magnetometer
head, and the Bcomponent was the component compensated by tlgogreter
homogeneous feedback coil. Astatization was cawoiddat the former geophysical
observatory in Rihonice park with a low field gradient (estimated bgalar
measurement « 10 nT#nand low magnetic field disturbances (< 5 nT pFe
astatization used the simplified term introducedEby 8.5 in section 8.2.2.

M M3
Georr, =G,y —[k, k, Kk JOM, |=[k, ke k]OIM2 (10.5)
M, M2

My, My andM;z were obtained directly as the A/D converter oufthe range of
24 bits was roughly equivalent to +§%). Fast sampling of the magnetometer
(200 Sa/s) enabled precise calibration even whenrdtations were performed
manually. The gradiometer raw outfi; was obtained in gradient units using the
calibrated gradient sensitivi§s = 190,000 (V-T)-m".
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Fig. 10.24 — The result of full astatization of thelual-core gradiometer

After astatization, the response of the gradiomitea homogeneous field was
less than 50 nT p-p for full movement in the EartReld, see Fig. 10.24. This
corresponds to approx. 90 dB CMRR (the gradiométage is 30-mm).

10.7 Field trials with the gradiometer

In addition to measuring the gradiometer noise asidtizing it, several field
trials were conducted

x 10"

35 ; using the dual-core

——raw from G output : :

3r —— corrected for common mode f| gradlometer. Flg'
10.25 shows the

25 . “ .

results of a “walking

T % 1 trial” simulating the
£ 15 | gradiometer as a UXO
5 | detector. The target (a
g bunch of house keys)
05 N ) " 1 was passed with the

0 :‘«nj " T f\ fey A - di b
L [ gradiometer probe

05k | 20 cm above it from
) ‘ ‘ ‘ several directions,

0 0.5 1 15 2 holding the probe

- 4 . -
sample [ X100 approximately vertical

Fig. 10.25 — The “walking trial” demonstrates the rcessity by hand.
of astatization
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The trial was conducted in a public park, surrouhtty heavy DC traction
traffic (an underground railway, a light railway).can be seen that, even for this
small movement, astatization is essential to obtaaningful results. The baseline
is not straight, because there is a DC gradierstegmteat the location.

102 ‘ ‘ The gradient noise
AN measured at a location of
this kind provides
interesting  information.
The probe was kept fixed,
and the output was
logged for 2 minutes. The
noise spectra in Fig.
i n 10.26 show that
i ”“\"‘v‘\“‘“““"u‘\\wu‘\v\Mﬁ astatization improves the
. | | M noise floor of the
10" 10° 10" 10> gradiometer below 1 Hz.
Frequency [Fz] At 1Hz the noise is
Fig. 10.26 — Gradient noise at the location already comparable to
that measured in a

magnetic shield [W1].

[y
o
(N
T

=)
T

Noise PSD [nT/sqrtHz]
=
o
/
AN

10

The time-domain comparison is shown in Fig. 10R7en for a fixed position
of the gradiometer, a high level of low-frequen@yogeneous noise (from distant
sources) deteriorates the performance, when adiatizis not applied, due to its
low CMRR — up to 600 nT p-p was observed. Howeter dstatized gradiometer
exhibits about 20 nT p-p noise only (its drift wasised by non-ideal fixation).

200

100+ 4

o

7WWMWWM i ! T ‘M‘ w‘ MW‘W' i ik i

-100 4
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-200¢ b

—— Graw
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-300

400, 05 1 15 2 25

sample [-] x10*

Fig. 10.27 — The same data as for Fig. 10.26, inethime
domain
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Another trial was carried out at thetiRonice observatory, with low magnetic
field disturbances and a low magnetic gradient. fBis¢ target (horizontally placed
pliers) was scanned with the gradiometer head ddcaértically in an orthogonal
grid with a vertical distance (lift-off) to targef 5 cm and 30 cm, respectively. The
probe was positioned manually in a two-dimensigmnal. The results are shown in
the Fig. 10.28 both for the raw gradiometer readamgl for the numerically
astatized gradiometer. For the lowest lift-off, thieong source can be detected
easily with the gradiometer, without any astatati However, astatization is
essential for the largest lift-off.

Gzz uncorrected - 5¢cm [nT/m] Gzz - 5cm [nT/m] 4

10
80 \ : %10 ]
2 2
1 1
E 0
9, 0
>
-1
-1
2
-2
-3
10 3
10 20 30 40 50 60
X [em]

Gzz uncorrected - 30cm [nT/m]

Gzz - 30cm [nT/m]
90 — s e ]
- a=
g0l - /{4 R 600

400

= 50 2 200
S 40
30
20 -200

10} -400

Fig. 10.28 - The raw and astatized output for aft-off of 5 (top) and 30 cm (bottom)
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11  Tensor gradiometer proposal

A standard approach for creating a tensor gradiemvesuld be to use three or
more triaxial sensor heads with the sensors thahawe developed to create the
full-tensor gradiometer [Pei 2009]. This is alregubssible using the magnetometer
presented in [CSRC 2013]. The size of developed-rioise fluxgate sensors
however allows the gradiometer head to be minizéari

The solution presented in [Huang 2010] is promising a disadvantage is the
non-uniqueness of the gradiometer base of the ctgpeaxes. Instead, a
modification using 10 sensors is proposed belowhdfsensors are of the race-track
type (Chapter 9.1), the sensor head can be cotefraccording to Fig. 11.1. A
similar design was presented in [Griffin 2012] Ity used open-core Vacquier
fluxgates working in open-loop. In our case, raeei sensors are preferred
because they have lower power consumption thamitigecore sensors that have
been developed.

According to Fig. 11.1, the five independent congrgs are sensed with the
following sensor pairs:

0B,/x, OByloy 2-9, 4-6
OB, /oy 5-7
0B,/0x, OBz/dy 1-10, 3-8

777777777777777

Fig. 11.1 — The tensor gradiometer head with racedck sensors

The 20-mm length of the race-tracks will allow 46x46 mni sensor head size
(the size limit of LISA gradiometer), if sensor® Znd 4,6 overlap. Otherwise the
sensor head is limited to approx. 60x60x30°mdme to the sensor length of 20-mm.
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12 Conclusions

This thesis has addressed the research topicsiatssbwith the development
and construction of a compact, low-noise magnetadigmeter suitable for the
space environment. A low gradiometric base is meguidue to constructional
constraints and the need for a precise estimatbeofnagnetic gradient. Another
advantage of a short base is better suppressiahstifrbing signal from distant
sources when detecting the fast-decaying respdnsmall magnetic field sources.
With the help of the developed, compact, low-ndisgate sensors, the main
thesis goal was achieved — a novel gradiometer 3@tmm gradiometric base and
noise of 1 nT-M-HZ**@ 1 Hz has been successfully developed, astatined a
tested. The novel and unconventional concept ofulsameous gradient and
homogeneous feedback overcomes most of the proluestate-of-the-art compact
gradiometers of this type. The astatization alldvte increase the gradiometer
CMRR up to 90 dB. The construction of a full-tengwadiometer has been also
proposed, with the novel race-track fluxgate semsioat have been developed and
tested. They are also small enough to fulfil thesee head size requirement of
46x46x46 mmfor the LISA mission.

The novel gradient-feedback operated gradiomelerts| thave developed in the
thesis are applicable in UXO detection, in archaggl and in biomedicine, where
the gradiometers are faced by high common-modedsfieln addition, the
parameters of developed magnetic sensors (maialydise and offset) have been
tested in an extended temperature range, and sogability for space-grade
applications has been confirmed.

12.1 Achieved objectives

I. Magnetic sensor selection and evaluatiédR and fluxgate sensors have
been selected as the best candidates, both suftablpace environment,
based on a review article | have co-authored (@Gnapt | have studied the
crossfield response for both fluxgate and AMR’s ptier 5). | have studied
the high crossfield response of PCB fluxgates \pitinar, etched cores and
addressed its origin for the first time (sectioR)5] have also participated in
deriving a novel algorithm to suppress the croksfiesponse of AMR's.

Il. Gradiometer performance with available magneticsees.| have developed
an original 6B,/oy PCB fluxgate gradiometer for magnetic field mangpi
(Chapter 6) and a novel mine-detector with AC eximin based on a 4x4
array of oBJ/oz AMR gradiometers (Chapter 7). Performance of both
instruments has been studied and evaluated; |foavel the magnetic sensor
noise as a limiting factor for both sensor types.
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lll. Gradiometer astatization.have studied suitable astatization techniquesfor
state-of-the art fluxgate gradiometer with 10-cradiometric base (Chapter
8). | have proposed an original, linearized astiiim method, which later
allowed for CMRR of up to 90 dB in the case of twmmpact gradiometer
with 30-mm gradiometric base (section 10.6).

IV. A compact, low-noise magnetic sensbo. meet the main thesis goal, | have
developed two miniaturized low-noise fluxgate sessc a novel,
20x11x2 mm race-track and a 20x20x8 mmng-core sensor (Chapter 9).
Field annealing of the 12-mm diameter ring-corebésth its magnetic noise
to be decreased down to 7 p'I‘-qqz@ 1 Hz - this is the lowest noise of
sensor of this size and type found in literaturehave also tested the
parameters of the developed sensors (noise, offsetlan extended
temperature range and confirmed their suitabilitgr fspace-grade
applications. The size of the developed sensomweall to reduce the
gradiometric base below 40 mm and also to propo4éxa6x46 mm full-
tensor gradiometer.

V. Further development of the single-core gradiometancept.l have focused
on this objective in a substantial part of the ih¢€hapter 10). For the first
time, | have studied the noise profile and corretain a single-core fluxgate
gradiometer (section 10.1). | have proposed a nowefjinal concept of
gradient feedback, which | have later implementethvio gradiometer types
in order to overcome the stability problems of ttate-of-the-art, compact
instruments (section 10.2). The “single-core” goadkter had a gradiometric
base of 40-mm and the novel “dual-core” gradiometigh 30-mm base has
finally met the noise requirement of 1 nT-#HZz°°@ 1 Hz (section 10.5). |
have carried out gradiometer astatization with rlegel method and have
presented real-world measurements (section 10.7).

12.2 Outlook

The gradiometers developed within the frameworktleé thesis should be
considered as a proof-of-concept. Several furttmgarovements and modifications
would be beneficial for operational use, as wasaaly done in the AMR
gradiometer which was converted for detection oficealed structures in civil
engineering [Zikmund 2013].

As an example, the developed axial gradiometerh gitidient-coil feedback
compensation can be improved by integrating thenX @ orthogonal sensor pair
(used for astatization) directly into the gradioemehead. This would establish a
ready-to-use instrument. It would also be posstblaise a sensor with inferior
parameters (a two-axis AMR magnetometer) for thippse.
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Further, the size of the dual-core gradiometer lueatd be possibly reduced by
using a different manufacturing process (circutaaped feedback coils, as in the
case of a single-core gradiometer). Our racetrackar, which has been proposed
for the tensor gradiometer due its low power corngion, could also be used in the
axial gradiometer. This would lower its power cam@tion and mass.

As the construction of the full-tensor LISA gradieter was assigned by ESA to
another institute [Griffin 2012], rather the devaioent of the suitable sensors than
the construction of full tensor gradiometer waseated in the thesis. However, the
full tensor gradiometer proposed in Chapter 11uisently under development by
the author in the framework of a Technology Ageatyhe Czech Republic project
and its performance with the developed miniaturesses will be tested.

Finally, there is still a wide area of researchréalucing the dimensions and
possibly also the noise of fluxgate sensors whichs vapparent during the
development of the low-noise sensors presentedeirthesis. For example, recent
advances in so-called fundamental-mode fluxgatesaencould benefit the
construction of gradiometers which was recentlyvptb by [Sasada 2014]. The
material properties of classical, parallel fluxgadee usually improved by magnetic
annealing as was shown in the presented work. Hemwsince the advent of
amorphous magnetic materials in the late 1980’dy @n limited number of
annealing techniques and recipes have been dedeldpeh really lower the noise
of fluxgate sensors with amorphous cores [Niels@dl1}, [Musmann 2010}, [J3].
With the recent development of magnetic materiatprovements in the magnetic
noise of fluxgate sensors can be anticipated infuh&e - nanocrystalline alloys
with their inherent temperature stability are preimg for fluxgate cores [Butvin
2010]. However a suitable annealing technique,gmmin their noise to the level of
amorphous ones, is yet to be found.
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15 Abbreviations

AC
ADC
AMR
CMRR
CTU
DC
ESA
FEM
LISA
NDT
PCB
PSD
SAS
SDT
SNR
SQUID
UXO

Alternating current

Analog-to-digital converter

Anisotropic magneto-resistor

Common-mode rejection ratio

Czech Technical University

Direct current

European Space Agency

Finite element method

Laser Interferometer Space Antenna (Project)
Non-destructive testing

Printed circuit-board

Power spectral density

Slovak Academy of Sciences
Spin-dependent tunneling (device)
Signal-to-noise ratio

Superconducting quantum interference device
Unexploded ordnance
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