WO 2006/ 040719 PCT/ 1 B2005/ 053306 Non-Ilinear magnetic field sensors and
current sensors The present invention relates to sensors, and nore
particular to non-linear sensors, for exanple those exhibiting a

subst ant i aMG200¢/0882¥ r el ati onshi p bet ween the sensor siP§HAB208¥¢F33ae

| ogarithm of the property neasured by the sensor and which can be used as a
5 wi de dynam c range sensor offering a cbnstant relative sensitivity and a
uni form SNR over several .decades Magnetoresi stive (MR) sensors are, hy
definition, ot “?‘Féé?‘a%‘@ﬂ%g?lg SSBSTR AR GURETt SESCFeasur i ng range. The nost wi dely
used types of MR sensors in nmediumand |low field range are based on

ani sotropi ¢ magnetoresi stive (AMR), giant magnetoresistive (GW) or
recently tunnel magnetoresistive (TMR) effects. In principle, one type of
"good" magnetic sensor is a sensor which exhibits a I|inear characteristic
within a field range of detection, beyond which the sensor signal is 15
saturated. Consequently, sensitivity of a sensor, which is determned by
the slope of the |linear part of characteristic, is negatively correl ated
with the detection anqe. The sensjtivity and field range can be tuned to
meet requirenents of PAFPRRYTRICNTSlate St seBinLs, BYd mergpagiculastp @on-lipegr | or i ng t he
sensor deskegors, fop ex M TRbR exblbitihg b SitstaiBARASar@blatiddehiF BétlveSthe MMErbased KMZ
field 20 sensorg famly ca rovide different detection ranges, from 0.05
KA/ m up ¢ Siepacrng Ajetpesrflan ot hemsppariancrsired by B SPSORd Wich crmbeysed e

sensi t isvi twidbéarisSrangs seisoPéaring & QONsRME felifiad sebiB ity dnd a vVRHHIMESUR $OESOr S
based on magnet.o-resi stance effects can provide a |linear relationship

bet ween §8\%§B§Fe‘é&fi§3ﬂal and electric current. For instance the

comrerci alised current sensors fromF. W Bell provide |inear current
ranges froma few Anperes up to 150A with of course rather |ow 25
sensitivity. Recently we proposed a very sensitive integrated current
sensor for |C testiMggnetssdsivgvel(MR)@EABRTardVBP At RInCEidaPRnéNFRhif A JO down
to mAI(ar tens of mMA rm?_ﬁe (see European application with application
numberl OEp 58 s, The Fpogwidelk u5ee e 1 MAGHBHFTn msdiom o delaiee
sensor") . atasddesiinabeehic Me@diofdistitd IAMR)) bROI AiRAGloRGRHRI(GMR)Tr fick@ly t 0 the
WO 2006/ 040719 PCT/ |1 B2005/ 053306 2 commobn MRAM t echnol ogy, al |l owi ng

i npl enent SOrgmagneerasive{IMRA eiffthout significantly extra cost. In EP 1

225 453 a circuit gagrineEiIEee Bbe Bf ‘Qobdl MELEESIhAA i LSRR Bich EMbits a
linear characteristic within a field range of detection, beyond which the sensor signal is
15  saturated. Consequently, sensitivity of a sensor, which is determined by the slope of the
lincar part of characteristic, is negatively correlated with the detection range. The sensitivity
and field range can be tuned to meet requirements of different applications by, for example,
tailoring the sensor design.
For example, different members of the Philips> AMR-based KMZ field
20 sensors family can provide different detection ranges, from 0.05 kA/m up to 100kA/m. The
wider the detection range, the lower the sensitivity becomes. Similarly, conventional electric
current sensors based on magneto-resistance effects can provide a linear relationship between
sensor signal and electric current. For instance the commercialised current sensors from F.W.
Bell provide linear current ranges from a few Amperes up to 150A with of course rather low
25  sensitivity. Recently we proposed a very sensitive integrated current sensor for IC testing
using TMR effect whose detection range can go down to mA or tens of mA range (see
European appiication with application number EP 03104937 .2, “High sensitivity magnetic

built-in current sensor”). The technology used for this integrated sensor is similar to the



magnetic field sensors to a predeterm ned magnetic function is described.
The docunent 5 relates to nmultiple magnetic field sensors which are
conbined in a single magnetic sense circuit to provide a tailored response
accordi ng M0 eeIWEW red function of magnetic field demwsTupo0sessbrsas a
function of angle, or position. The magnetic field sensors are chosen based
on out put characteristics and conbined isn configurations so as to provide
of fsetting sensor errors that essentially cancel out the errors within one
anot her so°@BmeBMEAd tegbnodoay; Hiesingligpleaspiohereof i gnsors withas sigrifiestipne

enbodi nent .gf, @magnetic sensor circuit 10, described in EP 1 225 453, in
which a Hall effect sensor 12 is configured with a nagneto-resistor shunt
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shunt 14 to create the circuit of Fig. 1, tailors the response of the Hall effect sensor 12 and
results in a voltage response depicted by curve 26 in Fig. 2. Subject to low values of field
density B of either polarity, the magneto-resistor shunt 14 exhibits a relatively low resistance
25  and thereby diverts a substantial portion of the total drive current away from the Hall effect
sensor 12. As the field strength increases the resistance of the magneto-resistor 14 increases
more readily than the resistance of the Hall effect sensor 12, such that less current is diverted
thereby boosting the output of the Hall effect sensor 12 accordingly. These offsetting effects
in response to the sinusoidal magnetic field density act in concert to straighten the response
30  curve, as can be appreciated from the two comparati;re plots within Fig. 2. The use of the
magneto-resistor shunt 14 coupled with a Hall effect sensor 12, therefore, provides a
- significant improvement to the linearization of the Hall effect sensor 12 when resolving a

magnetic field that follows a sinusoidal function.



However, _in Sm applications logarithm c characteristic maybe required,
for exa%%Né ? the quantity or property to be neasured is spread over a
W de dynam c range of several decades or exponential phenonena are

i nvol ved, such as neasurenments of chem cal concentration, neasurenments of
pressure and vacuum photo-em ssion, etc. 5 Alternatively, in other

appl i cations, equaidwedPa sRBapplicatibys BRsENR &ﬁi’ac'?éﬁsﬂ@ﬁﬁ?%e?&ﬁﬁ A, foM de
dynam c range of magnetic field or current. In general, a Fogar t]hrﬁc
sensor ioxampleskay the quantiyy eeproperty esheaneasatddyis bpresaboven iz widedgiantit: nee

rel ati onghi ween the sensqr.signal and the.logarithmof the guantity or
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| ogarithm c characteristic using external electronics. However, this way

of ted r edtarpatively, buethenmplicationsesqualdy gensksensitivity anthSNBjmeayt beofeedéerboysras ent
i nventi [ OVi | ogarthm,c _sensor which 15 can be used as a w de
dynami c%ra%‘lr’]g% se%g%l%e ¢ 8%°nﬁépflfoé(r"mée onstant relative sensitivity and a

uni form SNR over 3gyerepd], dRQpafLSioSendbt is adenddr MRk BRds @bubraiube tilgdrg and
operating .the same. The above objective is acconplished by a nethod and
devi ce &SBgvri@eHJgelaonsher bejwesn the serspe pignelrand the Ipgarithmeafdhe quantisned on

provi de ' L Si t I . r. el nts
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send t i s tbycoavut Balincaa chargetatisti inwtlogaithait dialcttristhasiag basinsbdedtionidsat t he
sensitiﬁkﬁy of . .each Hagnet'c,s%gsor element differs fromthe sensitivity
of any ever s wpy often rsults indad MIVR at toper desades: i vity of a rmagnetic sensor
el ement may be defined as the slope of the 25 linear characteristic of the
‘sensor elenent. In the sensor device according to the invention, each of
the at |l east two sensor elenents may output a sensor signal over a range
of a sensed parangter q&%ﬁt sensor . device may _ output. _a sensor sjgnal

over a total range'®f*§ g phry Rty to Prpddey, géﬁﬂ’é‘&EﬁefﬁPfW sensor
si gral scifbdded as a Wedslydaiic FRGESEdser VBN 6&@{@&6@%&1&&& skbidvi

non-1linear 30 function of the sensed paraneter over t t ot al rang? of the
sensor #ul4 euformnINR@ver savernl dedadescasi wall area/mbibod of ogaufattuning and operating

guasi -I@lg%eruinghrric function. It is an aspect of the present invention to
obtain a“sensor output signal which shows a non-linear relationship between

the sensor si gnalhedibve 0BjcdBASK BEbNMSIRAGT by a nfitlhd MATEPRE 3ok @hk Yo fHenear
rel ati onshi E bet ween the sensor signal and the | ogarithm of the neasured

pr oper tRreSePhEVEREr ed property can be, for
20 The present invention provides a sensor device comprising at least two
magnetic sensor elements connected in series or in parallel, each magnetic sensor element
having a sensitivity and saturating at a saturation field, characterised in that the sensitivity of
each magnetic sensor element differs from the sensitivity of any other magnetic sensor
_ element. The sensitivity of a magnetic sensor element may be defined as the slope of the
25  linear characteristic of the sensor element.
| In the sensor device according to the invention, each of the at least two sensor
elements may output a sensor signal over a range of a sensed parameter and the sensor device
may output a sensor signal over a total range of said sensed parameter. The sum of each of
the sensor signals of the at least two magnetic sensor elements may fit to a non-linear
30  function of the sensed parameter over the total range of the sensor device. The non-linear
function may be a logarithmic or quasi-logarithmic function. It is an aspect of the present
invention to obtain a sensor output signal which shows a non-linear relationship between the
sensor signal and the measured property, e.g. a substantially linear relationship between the
sensor signal and the logarithm of the measured property. The measured property can be, for



WO 2006/ 040719 PCT/ |1 B2005/ 053306 4 exanple, a magnetic field or current.
This type of sensor nay be achieved by tuning the sensitivity of each of
the at | east two nagnetic sensor elenents. The sensor device according to

t he i nvent MSh20G((H0Bp® appl i ed as discrete nmagnetic fiel @dCTARWOF033M6ch can
sense a wi de dynam c range of field over several decades 5 and as discrete
current sensor which can sense a w de dypam c range of current. The sensor
device of the invention may furthernore be applied as integrated current
sensor whi BRMPkn2 magsie figld\gr erareat; Fhisitgeroh pryecr dpay b aekiened Bb dming thiny

appl i cati ogndifidty JTREGh dftheHR AR 1O Magrel Sk @lemeRtsCUr rent which is converted
froma quantity to pe neasured and this quantity varies exponentially e.g.
with time. 10 Accor dPnipnios deyiee asersding iche ngentiop aay be apnlied as digyeth of the at

| east two mEBEAEHLE sGOHSAicIEd8 TBIE 5 wilMiyhanie rath@oﬁﬁa@ogﬁ%{%IaI YecRRd Size. In
anot her_enbodi nent the at |east two magnetic sensor el ements may have a
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may be obtained with a different sensitivity. _Fn anot her enbodi nent, at
| east one BPSCESVidhdynamis wegsrrlcieens ankia pneRpHEAtios thityeed o sopicnoni nto at | east
two sub- el QERALE LARBRGHESR it onvaRQTrdR D§lantity 1D BE MkdsGled Ahd (it RGLIES -
Splitting of at | east one of the sensor elenments gives nore reedom of
tuni ng sen$ries RPPRPOLAEY e #dthtims: t uni ng resistance) sinultaneously. The
sub- ejenents pref esglldindB¥bnD e Eodifl&R bl BBinvEhBRNSLRBAme RACAHSR the same
saturation field is required and therefore the sub-el ements need equal
shape ani SBiEngfsenspp elemenss may haeithrrame aeametyiad gisy ke anatkey cmbediment thsr e
conpri se & RS hanctit BhsoRhenls G hat W Gifre fe e eBinetrP ARl sie By E]ﬁﬂglﬁ%' c
sensor elenents. |In sonme enbodi nents according ~to t'he invention; The
conduct or 'Y #ee aRdipr seamtry ofiptrleast antof the @t kashtwa feasqpelsmentyrmaghetisisehsenst  one
of the at J&ants e TBANRE With 2GRt SNSHPHY. $n anbthef BANEMEN St REQASKE bevi tY of
t he sensor_ el ement, one can change the fi'eld applied to the sensor el enent
by chaldgi ribe ¥49cmagaptin sersoF elpmerts MY bhsplivBtoms leaghiupphieclementy eonrséedithe
sensi ti Vi teyciOdthdr APpRARP O in SeREBMittin@ 3 a0 SRILER shdL6r ﬂélﬁér&ls lhiggd  to the
~sensor el enent bty W deni ng the conductor Iine wdth. The senSor device
accor di ng fregdemel uppe paosigtnend arar(fon &mingrresigawpr sirseltaaedysly. Breswbcur rent
path. In tiinRn@ERAGLETE Ry hERGdGHEL QhentiBnd G ARR T Gihe T¥raohn ﬁa{;]tst into
several parallel conduc‘{l on paths, called %y- pass current path, at the
| ocati on @equired pnsBerefgredhaursdmenty needenunkshafieanisowrdny. current sensitivity

needs jo be very smRblper éﬂ%&ﬂnémi, f dgﬂéé/m%nﬂ%iare comprise a conductor line

positioned under the at least two magnetic sensor elements. In some embodiments according

to the invention, the conductor line may show a different width at the position of at least one
of the at least two magnetic sensor elements. To change the sensitivity of the sensor element,
one can change the field applied to the sensor element by changing the conductor line width.
25  For example, to reduce the sensitivity of the sensor element, one can reduce the field applied
to the sensor element by widening the conductor line width.
The sensor device according to the invention may furthermore comprise a by-
. pass current path. In this embodiment, the current to be measured may be split into several
parallel conduction paths, called by-pass current path, at the location of at least one sensor
30  element where the current sensitivity needs to be very small, among which only one path
flows in the proximity of the element.
In still another embodiment, the sensor device may comprise at least one
magnetic shield. The at least one magnetic shield may be placed in the vicinity of at least one

magnetic sensor element. The at least one magnetic shield may for example be made of a soft



flows in_the Eroxim’ty of the elenment. In still another enbodi nent, the
sensor ta 1{1161)9 conprise at |east one nmagnetic shield. The at |east one
magnetic shield may be placed in the vicinity of at |east one nmagnetic
sensor elenent. The at | east one magnetig shield nmay for exanple be nmade of
a soft PHNLO41119 5 nmmgnetic material such as e.g. permalloy. The
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t he senslebinkiry ¥f e shidl@gneti c sensor el ement as descri bed herei nabove may

be used for formi ng a sensor device according to the invention conprising
at |&ast two maglethepresentimventicarineludes witlon itvseopstthat agy newbinetiement havi ng
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sensor elenents may be tuned.in different ways. In a first enbadi nent,
set t i ngS§Nser dements iconqsgptedrn peries of 11 pagallel; Gigh Mipgyeiiq seas chesrant BRERBAt s nay
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magneti c sensdr el enent n anot her & se e 'sensitivity of
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In another embodiment, setting the sensitivity of the at least two magnetic
20  sensor elements may be perfonﬁed by splitting up at least one of the at least two magnetic
sensor elements. Splitting of at least one of the sensor elements gives more freedom of tuning
sensitivity and area (for tuning resistance) simultaneously. The sub-elements preferably may
have identical dimensions, because the same saturation field is required and therefore the
sub-elements need equal shape anisotropy.
25. In still another embodiment, setting the sensitivity of the at least two magnetic
| sensor elements may be performed by providing a magnetic shield in the vicinity of at least”
one of the at least two magnetic sensor elements. The at least one magnetic shield may for
example be made of a soft magnetic material such as e.g. permalloy. The effectiveness of the
shield in reducing the applied field may be characterized by the shielding factor F. Hence, in
30  order to tune the sensitivity, the shielding factor F may be varied. This may be done by for
example tuning the geometry of the shield.
In a further embodiment according to the invention, a conductor line may be

provided under the at least two magnetic sensor elements. In some embodiments according to

the invention, the conductor line may be provided such that it shows a different width at the



one of the at |east two nmagnetic sensor elenents. The at |east, one
magnetic shield may for exanple be made of a soft magnetic material such
as e.g. permalloy. The effectiveness of the shield in reducing the applied
field may B 2iepeCtoeri zed by the shielding factor F. Hectapoe:0s3860r der to
tune the sensitivity, the shielding factor F may be varied. This may be
done by for exanple tuning the geometrygof the shield. In a further

enbodi ment according to the invention, a conductor line may be provided
under the Besitjoa®fat leagbongmd el leass BYrsmpgnsliespafAr Slements sonabargehidiensitivity
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Hal | effect sensor according to the prior art. 20 Fig. 2 is a graph of
circuit voltages for the circuit according to Fig. | in response to

angul ar rotation showmn with and wi thout the magneto-resistor shunt. Fig. 3
shows a circuit di 3. Qf | I od).nent  of
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20 Fig. 2 is a graph of circuit voltages for the circuit according to Fig. 1 in

response to angular rotation shown with and without the magneto-resistor shunt.

Fig. 3 shows a circuit diagram of a sensor device according to an embodiment
of the present invention.

Fig. 4 is a graph illustrating the individual behaviours of the different elements

25  inthe circuit diagram of Fig. 3.

Fig. 5 is a graph illustrating the total signal of the sensor device according to
Fig. 3.

Fig. 6 is a semi-log graph of the total signal of the sensor device according to
Fig. 3.

30 Fig. 7 is a graph showing a simulation of the individual characteristics of six
different elements forming a sensor device according to an embodiment of the present
invention.

Fig. 8 is a graph illustrating the total signal for the sensor device comprising

six different elements according to Fig. 7.



25 in the circuit diagramof Fig. 3. Fig. 5is a graph illustrating the
total signal of the sensor device according to Fig. 3. Fig. 6 is a
sem -1 og graph of the total signal of the sensor device according to Fig.
3. 30 Fi g. wWo pae/adogrdaph showi ng a sinul ati on of the i ndipeirdBzis/ 053306
characteristics of six different elenents form ng a sensor device
according to an enbodi ment of the preseny invention. Fig. 8 is a graph
illustrating the total signal for the sensor device conprising six
different el ements &Higchrsdispgi-log gRiph of the 100D s2B0GYEUDINuGraRATh FBR2805/ 053306 7

Fig. 9 0s a sem -1 0g0f@ilstiles b ReraldlBhneS @ Bhent! dHAakncbl URELALRSL @ FI O
8. Fig. 10 illustrat & a para ~connection scheme of "a sensor aevi ce
accor di ng toembdingasbothapeseniofivanbien.pr esent i nvention. Fig. 11 shows a side

view of a shield-sepgo ' r di [ : di.nent _of the present
i nvention in an appplrcgéél %‘%’%\gg fi%g}%‘?’eolqé?ﬁﬁlﬁgfﬂ’&gﬁdegﬁga%%é&?%tﬁ i ew of the
shi el d-%ensmboditesnt ofthapresntinnantivw inkingapplel maghitis.fiel3 is a graph illustrating

t he shi el di fact of. F 2 W '

shi el - sensor dovi bl BREE bl behEyRie i BMELRE 08 11 17 oo
schematic illustratFignk3 ish goiph ilbwsestingdinrbutidirer fagiort Fredrsusye witl®h dfeheappl i ed to
field sensgrgy ofidSniedold: AbicIOURHISTL 1£ddiyghr ati ons of different

enbodi ment s current sensors. erenit "figures, the sane

ref erence signs ref Bigs.tld td Heshswrsehepratia flhisogousof differend etbodithbnt thet payesent

I nventjpn wiJ L. | hed with respect to particular enbodi ments and
wth rie er%gna(?hhétaﬁoglgfrﬁt%a#sﬁgdraw ngs but the invention is not limted thereto
but only by the cl aFigs.18 a3l shewerlemasc dhgmsionnoftdiffcredt ainbediskat Fornot  be
construed &?rﬁtisgni.stols”g 20 the scope. The draw ngs described are only
schematic and are non-limting. In the drawings, the size of some of the
el ements may be exalpghy differdntfiptrenche shinemfeencessigns ecférao thelshme br adlogeus

elements.

15

The present invention will be described with respect to particular
embodiments and with reference to certain drawings but the invention is not limited thereto
but only by the claims. Any rcference signs in the claims shall not be construed as limiting

20  the scope. The drawings described are only schematic and are non-limiting. In the drawings,
the size of some of the elements may be exaggerated and not drawn on scale for illustrative
purposes. Where the term “comprising” is used in the present description and claims, it does
not exclude other clements or steps. Where an indefinite or definite article is used when
referring to a singular noun e.g. "a" or "an", "the", this includes a plural of that noun unless

25  something else is specifically stated.

Furthermore, the terms first, second, third and the like in the description and in
the claims, are used for distinguishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be understood that the terms so used
are interchangeable under appropriate circamstances and that the embodiments of the

30 invention described herein are capable of operation in other sequences than described or
illustrated herein.

It is to be noticed that the term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter; it does not exclude other

elements or steps. It is thus to be interpreted as specifying the presence of the stated features,



pur poses. \Wiere the term"conprising” is used in the present description
and clains, it does not exclude other elenents or steps. Were an
indefinite or definite article is used when referring to a singular noun
e.g. "a" oWO86/04071%he", this includes a plural of that PcoOB2OsI0BIE 25
sonething else is specifically stated. Furthernore, the terns first,

second, third and the like in the descrigption and in the clains, are used
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i nvention nmay
. different sensitivities and being connected in series or parallel. The sensitivity of each of the

at least two linear magneto-resistive sensors may be set in different ways as will be described
hereinafter.
In one embodiment, a sensor device 30 is provided comprising a plurality of n
25  sensor elements Rg, Ry, ..., Ry which are connected in series and wherein n is an integer = 2.
As an example, a sensor device 30 according to the invention is illustrated in Fig. 3. For the
ease of explanation, the sensor device 30 in Fig. 3 only comprises three sensor elements Ry,
Ry, R,. The system is fed by a current source 31 and the output voltage is measured on the
terminals of the current source 3 1. According to the invention, each sensor element Re, R, R,
30  has a different voltage versus field or current characteristic, as is illustrated in Fig. 4, which
shows the individual behaviour of the different sensor elements Ry, Ri, R». Each sensor
élement Ro, Rj, R: exhibits linear characteristics at fields below their saturation fields H,, H;,
Hs and becomes saturated at fields larger than these values H,, H;, H;. Preferably, the sensor

_elements Ro, Ry, R> may be designed such that their resistances at zero field are equal and



applied to, for exanple, AMR and GWR sensors. Basically, the logarithmc or
quasi -l ogarithm c sensor device 30 proposed in 20 this invention is a
system conprising at |east two |inear nmagnetoresistive sensors having

di fferent 3eda00604071% es and bei ng connected in series orCraBzios/edszosThe
sensitivity of each of the at least two |inear nmagneto-resistive sensors
may be set in different ways as wll be described hereinafter. In one
enbodi ment, a sensor device 30 is provided conprising a plurality of n 25
sensor el ethshfWl wystange changes argghe samyg, lthas, howevesip be petad fhat theprewst and wher ei n

N is an i niREkion s it limAsd @@q@mm{aﬁeesan@&a&%h £8Y¥dreRmil MCRPRIAY, to the
invention is |Illﬁstrated in Fig . For the . ease of explanation; the

sensor devfitheugitthis s kesspd V@“‘Eﬁﬁ?‘? 'E?é’ﬁfafjifgéf’é‘t Tepiplaicespiss diough wrilineasemy, R,
R2. The sysgpht@ilink SpekAidn R¥n Mot b piakeedOUr ce 31 and the output voltage is
measured on the termnals of the current source 31. According to the

i nventiodn, each sen&op fasexarae TRER squgors, Rguabepsisiagees myy oe eblained Gokaenige ver sus
field or CiakbRAbE GBMBGRIASISIG, RAS RS, itclshib,lc@bPlohdh driifaspdbe i G Shows
the indivi dual behaviour of the different sensor elenents Ro, Rl, R2 Each
sensor el Endifereo, R1, R2 exhibits linear characteristics at fields bel ow
their saturation f'ﬁl:&ﬁmhgtothlz reselBinAiRfo R AARRTIIALW, 3,06, 2k, fi@hds | arger
t han these val ues H,, %referabl y, the sensor el enent's Ro, Rl, R2
may be destiffFee %%P@helﬁfﬁ%ﬁts F*fh&br .+ B [0FmiRg ks sesorAsvise B9.evhichesersitigiesiSeand VO
2006/ 049719, BTl FRLASHR A slofes'dh ekt Ichark 31 BLATIEIABIBEMAN L N

sane. It has, hovvever be no?ed that the present invention Is not

linited toRequdi-uriast %1%d&foﬁ%‘ﬂmg Fﬁi%"oeﬁ’ém Ssth3s® etndist ealbof Re, R2 nay,
al though tGhghediSseh s SleRdMaR], FYEOUR,, , HANA navdll (ilf‘f@r'éﬁtrk%nsr t?v%t'{ysfina% 1is ?t‘l’l?n

though in this case an optinum gﬁleratl on can not be ant ee for
exanpl e, WGW%“IE@E{E&’F all pdividuakfigagls igkgn b@&r@@pmph@dhwnmé@m@o the
area of thgus &N moRIABRNrindRimpdhtant; to-a.quiki-log fuhdHon FRE®I ?)VWLGEPBH&E the' r
aspect_ratios can be different. According to the rese I nventi on

sensi t1%i tthefeldy a log-scalg a quasehingar @J‘TafalCWé'S“Coﬁur‘fee?Séb?WE énEisr6, shaaldehet s Ro, R, ,
. R, oblditel] Abcahbe s&ANS Bl @%hcs%grﬁan oMbEJﬁvéﬁ&%‘nB{ bt 'a@&fé?hne P, S1,
S2... Si "_are defined as the slopes of the I1near characteristics of each
sensor el éntlightlRpowad, which is dugto the cowaonﬁam lisfegr tph@ fcale] Bowavgr, rewadl | onshi p:
S0>S| >S2>.be.dSissdd Fulth in AR YBscAftidE: rem%tlh&wa %ﬂgra&érgﬂgm i3 R
R'_, should have a different sensitivity, and I's sti nor e

i mpor t ant Rofrplydermded off pear ithengat Gﬁwr@tlognr&ﬂ%tlrtgakersmeﬁthcrrtetalmmmurwr t he

sensorypdevihg @onggquently the real characteristic curve in log-scale plot would be closer to a straight

line. It should be noted that due to the property of the log function, the start ficld Hp in
principle cannot be zero, but may in practice be a very small value of for example smaller
than 1 Oe.
When studying the operation of the sensor device 30 as illustrated in Fig. 3

25  and Fig. 4, it can be noticed that at the lowest field range from H, to H,, the total signal is the
sum of all linear slopes of the individual elements and is dominated by the sensor with the
highest sensitivity Sp (sensor Rg). Therefore, this part has the stecpest slope. At a field from
H, to Ha, Ry is saturated and hence, its signal no longer contributes to the change in the total
signal. The total slope now is drastically reduced and is dominated by the second highly

30  sensitive element R, and so on. Finally at the highest field range where all elements are
saturated except for the least sensitive one, Ry, the total signal is only influenced by the
signal from R,.; and thus has a slope of S,.,. By constructing a sensor device 30 according to
this embodiment of the invention, the total dynamic range of the sensor device 30 is split into

‘a number of segments. Each sensor element Ro, Ry, ..., R, is mainly responsible for a



must fit to a non-linear, or nore inportant, to a quasi-log function (see
Fig. 5). Wwen plotting 15 the field in a | og-scale, a quasi-I|inear
characteristic curve, as shown in Fig. 6, should be obtained. As can be
seen in Fi gvo gnosieaaty segnent of the curve does not for mpoTaBIdS0s33d6i Ne but
is slightly bowed, which is due to the conversion fromlinear to | og-scale.
However, as will be discussed further ijp the description, inreality, the
i ndi vi dual characteristic curves are normally rounded off near the onset
of sat ur at fiain segment 2t wigch ik has thakrst Fieensitbityy Fogiap gatimal gheiee gfhesegments,
consequent jy (A& LERivEP S BE LREdrAbtibe THhMPbd dhitk C8lisBAAINA aRnBEOYR & be
closer to a straight Iline. It should be noted that due to the property of
the | og fupRitineskpver sgwerskdgeades.ield Ho in principle cannot be zero, but may
in practice be a ve =l . Wen
studyi ng the operat F%%ra%?!) tt)?}éeﬁgsagﬁgs%&a%g\%ti @é%tggﬁgﬁlkltsg{éeﬁcgg&iE%Chgieg. 3 25
and Fi gg 4sengar elemantdle, Rot i dbd musthaves defined bepgpisity $a, 81, $2.r ahgdBdcpusen Ho to HI
the total gi 4 S m @f i frs i.0di Mi I
el ement s aﬁgﬁlﬁgsgmeﬁggesﬁ%ém tgnﬁea?észledgédo ’\;a\n{?ﬁuteﬁ?w%i hd%%?to egéeyna\s{ﬁb?ﬁgl\?i ty So
(sensor Rollerempfiaref wivefor defingngibase values withbe disasgedst sl ope. At a field from
H to H2, Ro is satyr I L : LAut.es to
the change in the tgtlﬁuﬁ 9‘??‘8%3%?nffﬁmeltp%l{){fgl%%?g%gﬁb%39vg?§g%gtrh§§{lfuég ylgreduced
and i s dontekgrblaingd whisk mysicsetindy e delloyirgoebtensi ti ve el enent R1, and so on.
Finallyyat the highest field range where all elenents are saturated except
for the | east sensitive one, R ,.1, the total signal is only influenced by
the signal from R V=(@adogHusbhas a slope of S.-1. By constr{ldting a
sensor device 30 according to this enbodi ment of the invention, the total
dynam c range of the sensor device 30 is split into a nunber of segnents.
Each senson whichieisttheRotal sgnal voltage ¢f the sengos, Hyisithd freld toshsonessistdaridgrand bWO
2006/ 0407 1 ' [ ' 1 he
best-fit ;@%ﬁ%\%ﬁ&?ﬁ%}%ﬁ%& iﬁ%‘%ﬁ‘;’{cﬁ%i& Begor ?ﬁ‘ﬁ‘%"éémﬁeﬁ’%‘?’t Ca{aﬁ%“%l ative
sensi t13vi twillde petfermse fu dieldendorse b8 @reray lipiedgifichl ssugoss Hies @rbd nated fiaf or m SNR
is obtai £50: i tion at the
out put of [Re- SRR kS, BRGRPAS ephiaBydSiniteis I Aitnlp pPRgRA' | O 7,
nmust “have Ereglope akile comsatiany field ISs; S[, S2... S..]. Because these
sensitivities So, S1, S2... S"_i are added up, they nust be well linked to
each another. Hereinafter, a way for defining these values wll be
di scussed. It is supffddedatdege)dtt;t he out put of a sensor devi¢e 30 a
logarifshmic function is to be obtained which nust satisfy the follow ng
rel ation:

It is required that the total signal of all sensor elements Rq, Ry, ..., Ry follow

equation (1). However, each segment of the total signal curve, being a sum of linear
characteristics, is in fact a straight line and therefore, in principle, they can only form a quasi-
log function. The deviation from the ideal log function can be reduced by adding more

25  segments, and thus by adding more sensor elements Ry, Ry, ..., Ry to the sensor device 30.

It is assumed that the slope of each segment of the total signal curve is

approximately equal to the slope defined in equation (2) at the start field of that segment.
Hence, the slope of the first segment (from Hy-H, ), being the sum of all individual slopes of
the sensor elements Ry, Ry, ..., Ra.1, can be expressed as:

30 - From H; to H;:

S%=Sp+ S1+ Sy +...+ S, =(ax log e) / Hy; 3)



10 V=(axlogH + b; (1) in which Vis the total
His the field to be neasured and a and b are two paraneters of
Equation (1) applies for field sensors. Further cal cul ations

sensor,

the functi on.

signal voltage of the

15 will bewmrdensers for field sensors, but are not | i npcedsieos/dsssdsd
sensors. It has to be noted that in case of current sensors, H nust be
replaced by I, which is the current to he¢ neasured. The slope of the curve
at any field His: dV/dH=(axloge)/H, (2) 20 It is required that the total
signal of all sensoWhehtwdialdds Reger Ran H, and snRiler, tharf /iy, theviirstetposend Ruis (1) .
However, being a sum of I|inear

characteristics, IS 1n

es@ﬁlpatécf e E).rtal Qli)%cl iQ ﬁlets%%lf alf hltgﬁl?,: eﬁ(géyt 4§

ct a straig

and therefore, in principle,

they can only form BroguldstoHz{ og function. The deviation fromthe ideal |og

function can be reduced by addi ng nore 25 segnents,

and thus by adding nore

sensor elenents Ro, R1, ..., R 1 to the sensor device 30. It is assuned
that tHe slope of eS8tk OseSineht+.of St.ive(albgle) sHignal curve is @)proxi mately
equal to the slope defined in equation (2) at the start field of that

Hence, the slope of the first segnent (from Ho-Hl), being the sum

segnent .
I ndWith Sia(AVSSEIIA’S,, O which A¥=VeNs Gquaicaf@®nksonke; R1, ..., R -1, can
be expressed as: 30 - FromHo to H: SZ0O = SO+ S
(3) WD 2006/040719 PCT/1B2005/ 053306 11 When the field is
hgqmé@ﬁsgirst elenent Ro is saturated. The
FromH, to HZ) 5 Sl:

of all

|l og e) / Ho;
| arger than H, and snaller than

+ S2 +...+S,,.1 =(a x

total slope is the SumSoft.atf,sF ; ept So:
, =OtS, +S2+. . . +5" | =(axl oge)/H, ; (8§4J%$%h H, =( AV+SoHo) / So, in which
equation (4) becones: axlogexSO SI +S2 +...+5" 1 (5) OV +SoHo

10 From H2 to Hs, both Ro and R

V=V, -0,
and S,
15
20
25

are saturated therefore their sl opes So

- From H; to Hj, both Ry and R, are saturated therefore their slopes Sp and S,

disappear from the sum:
$5=0+0+8,+..+8,,=ax log e/ Hy;
Similar to equation (5), equation (6) can be written as:

axlogexS§
S2 +"+Sn—l —_-AV—E;
+8H,

And so on...

In general, a system of n equations is achieved:

n—1

axloge
Fori1=0: Zskz ¥

k=0 Ho ’
n=l
axlogex§;
Forl<isnl: 2% =~y o 7
T 8 ;:; AV +S, H,

This equation system has n unknowns, ie. a, Si,..

so_Ive_d_.

©6)

Q)

)

®)

. S,..l,‘that need to be



di sappear fromthe sum SE2 =0 + 0 + S2 +...+ S.., = a x log e/ H2; (6)
15 Simlar to equation (5), equation (6) can be witten as: axlogexS, S2

+..+Sn | _ (7) AV+S,HO 20 And so on... In general, a systemof n equations
I s achi eve®o0 20q6/04020¢l oge For i = O Is,, - H(8) k=0 orariiBamd/@gasSi 1 25
For | i:5 n-1: I Sk = AV +S H (9) k=i i-1 O This equation systemhas n
unknowns, i.e. a, S,...., S" ,, that neqd to be solved. WO 2006/ 040719

PCT/ 1 B2005/ 053306 12 By subtracting one equation froma next equation
(i.e. equation i h Bysirastingiene equatiop from gactSAASAR fig- equatian i equationé

obtai ned: g §OreE g Ltqefioh Wbe dbldhedV+SOHO 5 and Si (with i froml to n-1)
I's the positive solufion of the followi ng quadratic equations: HuS;2+
AV+al oge- al ogeS; 1HO alogeS, , AV ( - =0 (11) AV+S, ,Ho ' AV+S;, jHO 10
Fromthe solutions it can be geen that the first slope So is a paraneter
whi ch can be chosenr paraneter "a" of the I?l%)function
and the rest of sl opesiog i

So

Hy, AV+S§,H,
5
and S; (with i from 1 to n-1) is the positive solution of the following quadratic equations:
H,5? +| AV + aloge~ alogeS;_H, - alogeS,AV _ 0 an
AV +S,,H, AV + S8, H,
10 From the solutions it can be seen that the first slope S; is a parameter which

can be chosen and from that the parameter “a” of the log function and the rest of slopes (S;, i
from 1 — n-1) may be uniquely defined. Alternatively, parameter “a” may be considered a

. known parameter (e.g. a requirement) and Sp and S; can be determined from solving
equations (10) and (11), respectively. Equation (11) must be solved in an ascending order,

15 because to solve §; one needs to know §;.,.

In principle, to build a sensor device 30 which can cover lower detection limit,
element Ry must be designed such that it has an as high as possible sensitivity. The rest of the
sensor elements Ry, Ry, ...R... may then have lower sensitivities Sy, Sz... Sp..

To demonstrate the principle, a simulation will be given hereinafter, In this

20  simulation, it is assumed that a sensor device 30 comprises six sensor elements Ry to Rs
connected in series. The first element, Ry, may have a sensitivity S of 4% / Oe, which is
equivalent to 8x107V / Oe. This is a typical value for a good TMR sensor. Other input
parameters may be: AV = 0.04V, V= 0.2V and Hy= 10e.

Solving equations (10) and (11) results in:

25 ~ a=221x10% ‘

S1=1.3x107 (V / Oe),

S2=2.44x10*(V / Qg),

© 83=4.69x10"°(V / Oe),

$4=9.06x10° (V / Oe), and

30 Ss=1.75x10°%(V / Oe)



from1l -) n-1) may be uniquely defined. Alternatively, paraneter "a" may be
considered a known paraneter (e.g. a requirenent) and So and Si can be
determ ned fromsolving equations (10) and (11), respectively. Equation
(11) nust beo sobymdivi n an ascendi ng order, 15 because trgTaBlouR0sSH060NE
needs to know Si. |I. In principle, to build a sensor device 30 which can
cover |ower detection limt, elenment Rojsnust be designed such that it has
an as high as possible sensitivity. The rest of the sensor elenents R

R2, .R -1 may t hé&rnhthe aalbender the elaps Bd to St determBied figM the cdlculations, Tidhas

denonst r at I ( nthis
20 si mul at ‘?ool%em%nQerdlﬂ‘?a(2 s ﬁ)ﬁeﬁsoﬁh ig*’ gﬁ S \(())Gr“llé e%%c%p}[&nnﬁglﬁﬁ% glféé gilig?bésr ensor

el enent s Rofdegadebas tb@dmetmmngﬁwfs@raewr depive 30| Hawevet, énmshibe siRoyn latanthitave a
sensitivity / , I 8x10-3 V/ Ce. This is a
typi cal vaIJgggg%Sﬁé%Owggfwgn%&%lgﬁ””%?%%%ifﬁﬂhnLQIaraneters may be: AV =
0. 04V, ¥o= 0.2V and Thbmdiv@bxal Gotavierigicegrras aro mprSI:@)o kavd adubfed-eff shiaps i n:

S3-4_60x 10~ By ay = it R ey (B Bt vo

2006/ 040719 PCT/1B2005/ 053306 13 Fromthe values for the slope So to Ss
determ ned fromthe calculatloQ§ It has to be noticed that the slopes So
to S5 vary over a wdeysa fmately the same nunber z decades as
t he dynam c range of the e 30. However, it will b Zhown | at er
that varying the slope over ange is in practice not at al

trivial. 5 The individual characteristic curves are supposed to have a
rounded- of f shape, which is closer to practice. A signoidal function is
used to,sinmulate th exp( -

PXo ) T% The naxi rm?# S{ﬂg‘m%ﬁ% op%%_tc:;&x O#J o 4[3] ?%g’lxl%jwm bgr%}lace&' b)( Fo %

repl aced b§s dbtired from the above calculations.

Fig. 7 shows the individual characteristics of the six sensor elements Sp to Ss.
The total signal obtained by adding up all individual signals is presenfed in Fig. 8. When .
plotted in semi-log scale (see Fig. 9), the total signal curve exhibits a straight line, except for
15 aslight bow at the first segment. This indicates that a good log-function characteristic can be
achieved. In this example, the sensor device 30 can provide a logarithmic behaviour over four
decades of field.
On the one hand, inpreasing sensitivity of the first sensor element S will
extend the range to lower decades, and at the same time, the linearity in the log-scale plot of
20  the first segment will be improved. On the other hand, adding more sensor elements Ry, Ry,

-, Ryy will extend the field range to higher decades. However, there are limitations for
extending the dynamic range to both low and high ends. In practice, the highest sensitivity is-
limited by the available technology. On the other hand, for extending to the high ends, adding
more sensor elements Ry, Ry, ..., Ry, requires a very low sensitivity of some higher

25  numbered sensor elements. The lower sensitivity would add more complication to the device
structure and is not always easy to achieve. These issues will be further discussed hereinafter.
Alternatively, in another embodiment according to the invention, the sensor
device 30 may comprise a number n of sensor elements Rg, R, ..., Ro. which may be
connected in parallel, as illustrated in Fig. 10. The sensor elements Ro, Ry, ..., Ry are fed by
30 avoltage source 32 and the total current is measured as the output signal of the sensor device
30. Calculations for sensitivities of the sensor elements Ry, Ry, ..., Ry.1 are similar to those as

discussed for the first embodiment of the invention. The sensor elements R, Ry, ..., Rai



S5 obtained fromthe above cal cul ations. Fig. 7 shows the individual
characteristics of the six sensor elenents So to S5. The total signal

obtai ned by adding up all individual signals is presented in Fig. 8. Wen
pl otted i nveemoshogioscal e (see Fig. 9), the total signalpcTuBeesessivcbits a
straight line, except for 15 a slight bow at the first segnent. This

i ndi cates that a good | og-function charggteri stic can be achieved. In this
exanpl e, the sensor device 30 can provide a | ogarithm c behavi our over four
decades of may,dbrxaniple;tdivo bomentzatndlin thaom@igeatng o @i8hdaistint Pridde fohigsttéd r st
sensor ele t n cades, and at the sane
time, the 1N lEmtly %FamSt mfnﬁxl qﬁ}%gbén?:g Sélgh %‘%‘frhfgef‘i@%ﬁ%"%g first segment wll be
i mpr oved. Ch t he ot mmfprhﬁndpvmdmmgyﬂmsmwembmh f@lcemmas&sanmagna;lq wil |
extend the ran to _hi. d re.are. |intations
for extent&gl nf?{seq'&gﬁgr(ﬁlsgs rltggF u'{e%qﬁq 7S A}'ﬂ}"ﬁ}é SPil hﬁenﬁ%‘o thr? Sﬁ?sgctl ce,

t he hi gff]esﬁcramﬁld, Rv,l tde-l$l'e H)e:mg\t/féuuimﬁ Tllmee mamhmbttre)fm;zdmmhrmgbe On the

ot her hand &n in hj bE NG, TOr e sensor el ement s
Ro, R, . Sengl% . 'é?ﬁ'ﬂ'r g%&’ggbre © owe‘{;eﬁré‘?%xg’%efy Sf some hi gher 25
number ed sensor el e'ﬁlm*stesmtlﬂiye)flaemor deeis B, il theyslopnﬂf@eadﬂarrpart@fdﬁrrpl i cation

to the deV| stru e and eas chi eve. e i ssues
) be f ur t %e ve Cf:us %eIH gor é:uﬁentegra r]? %s mverse&l qroéaorty naloto ?he an:sgtr%m/ Q{}l ﬁ'g

=

Wil I'scus rnativelry,

enbodi mentseageplayhr pftht seristreclénmnaRol R ... tHae: sensor devi ce 30 may conprise a
nunmber of sensor elenents Ro, R1, ..., R'_, which may be connected in
parallel, as illustrated in Fig. 10. The sensor elements Ro, R, ..., R'_,

are fed by 30 a vo$tafe..spMg4BP and the total current is ngagured as the
out put signal of the sensor device 30. Calculations for sensitivities of
the sensor elenments Ro, R1, .. R ,., are simlar to those as discussed

for the fnﬁsmnc@ndmg;mmmﬁmmhmna AMedsis@ice &a@e&ﬁmns@} e,mepgﬁttﬁo R,,
R _, WD 2006/ 04Q719 PCT/ | B2Q05/ 053306 14 ma?; ?f‘h exanp
I

connect ed ReAMeaRBitEfYRewEs Msiivihe srturgtionpagneiiza wésmg)mats% ta@ci Ki 1$ muni ty

agai nsts exh@imisdtroph Sohnsthk 30 68 Seri ?I‘]aﬁﬁ t enperature change. The present
i nvention may thus be used both current sensors and _nmagnetic field

sensors. In both calesnispironyof thegepsingdavenahthe yasas glegiepts Rotfies-8e1 Si, sS2.. .
S,, ., of thfchSaRsQpical§y bRIneIEBE ?enBQHoyRi]s’an algebraifsarh o@-fh% sh%b'ﬁﬁﬁsc‘ﬁﬁ:lpﬂf aﬁdmed

There are a nunmber of ways to ne the sensitivity .y, .,, as
will be ddRcsyssdlios %l%‘ﬁ@h&% crygillinegisotropyds %rbwmﬂﬂcmnfﬂb?f the gléwgeir devi ce

30, i.e. twWiichSdaRRRb&EhahHA 1bdaNPANheRRAE the Qhapk hﬁsomyua%dy&{tﬁygeotﬂe @f( or
current) g%ra ph, is inversel yﬂoroportl onal to the anisotropy of t _
he sensor element Ry, R, . 1, and thus can be varied. The shape anisotropy energy

density Ko, can be expressed as:

Kehape = (1/2) Lo M, (Nx- Ny} (14)

25  in which Ny and N, are the demagnetization factors along the easy axis and hard axis,
respectively, which depend merely on the geometry of the element. For large sensor elements

Rg, Ry, ..., Rqu1, 1.e. larger than several pm, the shape anisotropy can be approximated as:

Knape = (1/2) po M’ t / w 13)
30
in which t and w are the thickness and the width of the sensing layer of the sensor elements
Ra, Ry, ..., Ry, respectively.
To increase the sensitivity of the sensor device 30 the anisotropy may be

~ reduced by, for example, reducing the layer thickness of the sensing layer of the sensor



sensing | ayer of the sensor elenents Ro, R, ..., R _,: 10 S = MRmax o Ms /
(4K) (13) in which MRmax is the maxi num magnet o-resi stance change of the
sensor (%, Po is the perneability of vacuum M is the saturation
magnet i zat ivomz2mb/odoh® sensing material and Kis 15 the aarasicsmmszeonst ant
of the sensing layer. The anisotropy of the sensing | ayer of the sensor
elements Ro, R1, ..., R,.1 which may tigpically be nade of permalloy, is
an al gebraic sum of the shape ani sotropy and the crysialline anisotropy.
The cryst atlemengs B Rs.ot.r Bpyor by redvemmihe pspsitoatprdplersegsooelemprgs RafRer.i.aRy,.  whi ch

cannot be c | : 4 . ' .on.the
Goonst ry of DY e S8 A anigbRGhARM 0% 4P UERRALLAR:ARA APRRASI G0 af )
vari ed. Thwagkbppatemssote ogyinghigergy  density Kshape can be expressed as:

Kshape = (1/2) 1b g déc%ﬁ% tllllg%znﬁi(ign the%glg(a.#ag a‘é’ﬁéﬁzﬁgrm tf%)r}lgnssm l:?fe?otttn

demagneti zation factors a e easy respec?ei vely,
whi ch depesedsomelceknts 85 Rihe., Beotmtbe yncofasadity, fok exapple, déaerasing thyevidibof te

el enent s maaR -y i . e r t sha

ani sot r opyégg%?ﬁ ré'e?atr}%f Buiidtrad hggr:eh%@ﬂ’af{o%@%?lflss %p%g%tga Y 0? ﬁﬁ\’f”(_lgﬁ)z) 30 in
whi ch t ang M/ sreb¢ bigaindd fok Nes§ amhebnsdgeentlydodNrodndtNie—skfbscansy Nay dly tof t he
sensor el ni.s.., Ro,. Y e e ! respectively. ,To i.ncrease the
sensitivit T)#)' Tlheé’reélgﬁé’o}hlsd’é‘%ﬂlme the %{ﬂﬁog@?yr%'&?e a1 Al aﬁ’gﬁﬂfzed by, for
exanpl e, rdedaies. Dyctdhechmygical leiudieness and ddshe like mahingl payible laérak he sensor WO
2006/ 040719 PCT/ | B2005/ 053306 .15 ele ts .Ro coon R ., 0Or b
reduci ﬁ‘g tfRenns dprneyrgurine A AT Pl et ‘?i%?ss’r!é}% practical rggge Wil

However, achgiderstibd sneallesot ropy will result in significant hysteresis and
wll destabilize th magneti.c patterns in the.sepsing.l.a . ,T0 decrease
the sensitivity, tHAteRANBRamdSHRY giansdpr bR RV AMIERET ¢ ho 5
sensor el aeibbred RhsoRlsments. willBa dikcwsdd Heeeinater: eased by, for exanpl e,

decreasing the wi dth of the ensor element Ro, R, ..., R, ..
Theoretical ly, a maxi9 ‘i‘ﬁ“é“ﬁt&ﬁiaé‘?ﬂs‘%’d’? #"Kshgfp‘é"aé’ lief?‘;fédt@’o Msz may be
obt ai nsd freduciN¥-tHe dpplicdaasmeniiald (sye Figr 1 INadaigl 12§ Thiz nQy bbdemeUsefoNx + Ny +

Ne =1). Thoor ol ol ! naeh e hlTBR 3 ot B2 brekdhe FAREscA0 SRECAPY, GEN DR var | ed
Such a shield 33 may for example be made of a soft magnetic material such as e.g.
permalloy. The effectiveness of the shield 33 in reducing the applied field may be
characterized by the shielding factor F, which may be defined as the ratio of the applied field

20  when the shield 33 is absént to the remaining of this field when the shield 33 is present. In a
more general definition, it is the ratio of the response of the sensor element Rg, Ry, ..., Ry
without the shield 33 to the response of the sensor element Ry, Ry, ..., Ry in the vicinity of
the shield 33. Using the latter definition, any direct effect of the shicld on the response of the
sensor element Ry, Ry, ..., Ry is included too. An example of the latter may for example be

25  the reduction of the shape anisotropy of the sensor element Ry, R, ..., Ra1 by the mirror
image of the sensor element Ry, Ry, ..., Ry in the soft-magnetic shield.

In order to tune the sensitivity, the shielding factor F may be varied. This may
be done by for example tuning the geometry of the shield 33. This will be explained
hereinafter. & '

30 Fig. 11 and 12 respectively show a side view and a top view of a sensor
element / shield system 35 according to an embodiment of the invention. Fig. 11 explains the
functioning of the shield 33. The sensor element / shield system 35 is exposed to a global
applied field Happ. The field magnetizes the shield 33 and in turn the magnetized shield

. creates a demagnetizing field Hp in the direction opposite to the magnetization direction. The



decades. Due to technol ogical requirenents and desires |like m ninal

possi ble lateral 10 di nensions during structuring and maxi num al | owed | ayer
t hi ckness, the practical range will considerably be snaller. Alternatives
and subsi divay yeosreen® f or reduci ng the sensitivity of hi goenms2sesrsed
sensor elenents will be discussed hereinafter. The sensitivity of a sensor
element Ro, Rl, ..., R'-1 may be reducedqgby 15 reducing the applied
magnetic field (see Fig. 11 and Fig. 12). This may be done by, for

exanpl e, p$cagir ngmestgheRi, c...Jhii éd Hes EBosed ta hesyianiiald Hy, af; thahs tisensof
elements Rg, Rly..., R,.,. Such a shield 33 may for exanple be nade of a
soft magnett nmaterial such as e.g. permalloy. The effectiveness of the
shield 33 in reducing the applied field may be characterized by the

shi el ding factor F, which ey, he_defi ned the,ratio the applied field
20 when the shield 3% a §°e+n$[’ Fgﬁit!’ﬁg‘ﬁ‘}"}gl%?ﬁ'i‘eﬁi %"pdisf“’I‘ﬁ '—S“f“idEﬂ“id‘P n the
shield 83 is present. In a nore general definition, it is the ratio of the

response of the sensor el nt Ro, RL..... R ., wthout the shield 33 to
e aas g i Wi S Ve Fomect gty g the enndgnp Sl oelhy bt oty o o

t he rs1hi el dand3ne ms%na@zﬁti&ecﬂtﬁé imedid lﬂﬁiﬂd"ﬂrﬁei‘dﬂﬂﬂi ahydedbie et ilﬁdcrﬁﬁ%ldex tﬁghg shield
on the respo t he ensor enen 0, o e e aa , ., 1S 1 nNclude t 00.
An exanpl i 1, Bayatior (16 m?wﬁd@'mﬁ%ﬁg“s@%ss m%'élowgmaéqchawa%fi*s&aﬂ@sshape
aRi sot I‘Opyfr(ﬁilﬁ tHehﬁagﬁﬁRitss&EsoﬁélaﬂﬁiﬂRo,m,..._Rkn_l trlllat-the ]lg{étaacebossumg 'ipl&.lqror ilmagedof
t he sensor el enent 0, . AP o A Int ,ot-magnet|CS|e,_. n oraer
to tun trﬁéa@elﬁsvle%*g‘;ﬁ]?r{wgw@r aﬁ‘%?gim,zfeﬁﬁﬁmﬁs ey aNd 2 sEERtibiR o rmy  be
done by f amoexedqibtenck bedwaéh thb shige 9BBid the ednsbédeiensehi B, &,,33, R, hsubt bo be

expl ai ned her eia@af_t er., 30 Fig. 11 and 12 respectively show a side view and

a top vi eder sallgnia gpder w2l e yse ehgaupipndy& em 35 according to an

eﬂbo;iidrrggt % the iméﬁfb‘llddlf&-toEi}e@laﬁﬂelilzgifﬂcﬂitﬂ'@:%e%s?ﬁg]crf‘lém%,img.i.{JR.,.ana hg |

shi e : e sensor el enen shield s em is exposed to a gl oba

appl i ed fibél"ﬂglF‘éffB(_Z“T‘F?ée BreRtively sonser) far dtimeteines Bocais (oot t he

nmagnetiszediadineRy R, Cl.ERL € this @oiild) alaly Bk Phicdd RhEc1HHR tb thelshiglddh g tHeON

opposite to the magneti zation direction. The WO 2006/ 040719

PCT/ | B2005Pa88450fe51d s gontimausacrophe fticlfigboupgary, it may bgsaid thaf Hunwes "exposed to a

resul t ant I-i;ish%ld.q{éﬂ@&l%3§a@i@§(ltﬁlr?gécohés:t he sum of Happ and HD: Happ_sens = Happ
e

+ HD = Happ - Nshield Mshi = Happ - Nshield H _shield xshield (16) 5
Happ_sens= Happ — Nihicid Happ_sens K shields (1 7)
20
* This leads to:
Happ__sens= Happ / (1 + Ngyieta Xshield) = Happ/ F (18)
25 and thus:
— F =1 +Nihicta Xshietd (19)

If the distance d between the sensor element Ry, Ry, ..., Ry and the shield 33
becomes significant, then distance loss should be taken into account. By approximating the
30 distance loss by that of a periodic magnetization pattern with a period equal to twice the

width of the shield 33, wgying, the shielding factor F at small distances 251d < wga becomes:



in which Nshield,
factor,

wherein H;

(16)

i s onwo xab/ioa7when the shield 33 is positioned at

xshield and Mshield respectively are the demagneti zi ng
the susceptibility and the magnetization of the shield 33 and
shield denotes the internal field in the shield 33. Equation

soThBRHEGB30di St ances

fromthe magnetic sensor elenent RO, R, ..., Rn_| that the distance |oss
is negligible. For 10 exanple, when a shheld 33 has a width of 40 m a
t hi ckness of 2 pmand a susceptibility o 2000, the distance between the
shield 33 and the sensor eigme 1t R, .., R .1 should be 20 nm or

smal |

(accurate for a relatively thin sensor) for the tinme being. Because the

sensor

15 element Ro, RI, ..., Rl, in this exanple, may be placed very

close to th'ehNnie;e#dh,eaB“@raﬁi the magnetic field is continuous across the
shi el ds boundary, i be sa d th Hi - shi equat i on
© Happ_ ﬁ%’ altﬁﬁ?ﬁﬁe ’Ngﬁ X nl_q%gfaﬁﬁgéﬁ%pr%’ﬁf“&?h¥m( I‘i_‘glj’se 8 Thi s

(16) becones

er in order toféFIvvsg@Q,Te—uve—oﬁ‘equatmn (16). The fiel deglye to the
magneti zation of the sdASBVserefwme MR, ..., Rn_| may be néglected

| eads th :}dﬁmph_islﬁ'ﬁs aad RWadipad thé fectangis)ntheh dlsoahdnalytial Exﬂ‘r’éeﬁi&n/carl:be( deB)ed 25 and

+' Nshield X i sta en the sensor
e oft For Sl rebitess S GRS sh A ECRE Phon
di st ance |iesis @bmﬁp{irobﬁlahakdfhelslil‘éﬂm@(ﬁmﬂﬂat siByll dipprcexizmakivigdtha 30

t hus:

el errent Rofor

di stance | os
to t\if
di stances 2nd < Wshi el d becones:

equal

at smal |

by that of a periodic nmagnetization pattern with a period
e the width of the shield 33, wshiem the shielding factor

17 F= 1 + Nshieldxshield 1+7CdNshi e/ dxshield /wshield (20) wth Nshie
tshield / wshield V\z;e alté'rNa,t,émv%J;;ye;dthe rectangul ar shield is
I Ty

appr oxi0rat ed by an

RSe AW ApE 1 hickness and width €d)the

F
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ld =

rectangl e), then also an anaf4# %ﬁ’l’e’ xpﬁ"(ﬁgm on can be derived for the
di stance |l oss. For relatively small distances, this distance loss is a
factor

smal |

di st ances: 2ndcan krshowr @attq)f@ﬁ:squb@&)salso holds for, for example, a thin

15

20

25

rectangular rod. This originates from the fact that the demagnetising field everywhere in a
thin ellipsoidal rod and the field in a thin rectangular rod are opposite to the applied field but

equal in magnitude when NaedXshield >> 1. Hence, both demagnetising fields are equal and

consequently also the charge densities are equal. Due to equal charge densities in rectangular

and ellipsoidal rod, also the fields outside the rods must be equal.
In the above calculations, it is assumed that the shield 33 is not saturated,
because when saturation occurs, susceptibility becomes zero and consequently the shield

effect disappears. The condition for not being saturated may be given by:

H ap _l_
M, ¥ OF Wihield~Wshicld_sats (22)

N shiota >

in which:

Wors = Lshield
shield _sat Happ 1 (23)
M, X

and wherein Wipielq_s 15 defined as the shield width above which saturation occurs.

2/n less than in the above approxi nmation. The shielding factor F at



F 1 + Nshieldxshie/d 10 1 + 2dNshield xshield / wshield (21) It can be
shown that expression (21) also holds for, for exanple, a thin rectangular
rod. This originates fromthe fact that the denmagnetising field everywhere
in a thinvebbkispsmroal rod and the field in a thin rect @aguBzwnswsashear e
opposite to the applied field but 15 equal in magnitude when Nshi el dxshield
>> 1. Hence, both denmagnetising fields gge equal and consequently also the
charge densities are equal. Due to equal charge densities in rectangul ar
and el | i psoi dal rodWheh 8he reduetidn dltpsiepagstides tifret thodensondémdneRequAl., 1 n the
above Cal CH' a&u'e%]%e eﬂcctto% 0?%%%91‘ élgﬁént kﬁ% Shl ﬁl dm?fg’e go% nqgtne at LI'IE:rlCﬁI ed
because whel saturalion occurs, suscept | econes ze
consequentiﬂklentlheasdwml,meslﬁadmgﬁmFdh@mupdars. The condi tion for not bei ng
saturated may be given by: Nshield > Mpp - - or wshield<wshield sat, (22)
s in V\hich: 25 'shield Whield sar = H1 app (23) Ms and wherein wshield
efined as t shi dlwsm,gashe,dabove (edvivg ) 9@ L5 &t ,on occurs. WO

2006/0 719 PCT/ |1 B2 USZpéang,, ¥h %ﬁn the r@ugmfp of the dé?ﬁﬁgnetl si ng
ef fect the sensor eI ement Ro(?e"h AT B0, 1 due to the reflection of the
sensor el enment Ro, R1, , in the soft magnetic shield is taken into

pecount . gl Al B9y ffﬁhtt%oaﬁ PRy R e PRI e, nO THK

assuming that d < wsensor An, and that %hieid tshieid / Wensor >> 1, and
\é\,{;ﬁ;glrh. HK:ZW(poﬁ/EQZK%LGSRdS) 10 in which HK is the ani sotropy(ZfSSeI d of the

10
in which Hg is the anisotropy ficld of the sensor.
For a simple sensor element structure applies:
Hemo=(sensor/ Weensor)M S_sensor | (26)
15

In equation (24), the numerator of the first term describes the field reduction
factor close to a bare shield 33. The first denominator describes the reducing effect of -
shielding on a larger distance. The second term describes the reducing effect on shielding due
to decreased shape anisotropy of the sensor element Ry, Ry, ..., R,.. For sensor elements Ry,

20 Ry,..., R, witha free layer having a thickness of, for example, a few nm or less, , this latter
effect may usually be negligible.

To vary the shielding factor F for different sensor elements Ro, Ry, ..., Ry In
the sensor device 30, separate shields 33 with different shielding factors F may be requlred
for the different sensor elements Ry, Ry, ..., Ry.. It is apparent that among different

25  parameters that influence F, such as for example thickness, width, susceptibility, the widths
of the sensor elements Ry, Ry, ..., Ry and the shield 33 are the easiest parameters to change
from a fabrication-process point of view. In Fig. 13, an example is given, in which the
shielding factor F is plotted versus the shield width for Yshicla = 0, 3000 and 1500,

- respectively. For each susceptibility (ec, 3000 and 1500), the shielding factor F is calculated

30  for two cases, i.e. with and without reflection effect. In the calculation the following is
assumed: tihiela = 2 P, Mg _shicia = 800 kA/m, d = 0.1)lm, tspser= 0.005 M, Weepsor = 3 i1,
M;_sensor= 800 kA/m and Hyg = 400 A/m.



For a sinple sensor elenent structure applies: Hdcno=(tsensor/Wensor) Ms
sensor (26) 15 In equation (24), the nunerator of the first term describes
the field reduction factor close to a bare shield 33. The first

denom nat owa@ameniobws t he reduci ng effect of shi el di ngpam/BRbEEGEE

di stance. The second term describes the reducing effect on shielding due
to decreased shape ani sotropy of the sepgor elenent Ro, RL, ..., Rn.3. For
sensor elenents Ro, 20 Rl, ..., Rn-1 with a free layer having a thickness
of, for exanple, a Fawhewonditiod whae the shiklds$33|imudt eaturaeflf the sssurngd Hisgaiel y be
negligible,,, To 1 he shiel di f -] rent senso enent s
Roc R, . AR08 § B eRoliek PR Elaide bRl 18 BB R GRR Ghennd

di fferent shiedeviding ldabthows .Y e Foete R pedhick skickihahididifgdhamntof densor
elements Ro,, R, ..., Rl Jt.is a rent th ng, di f f nt, 25

par anet er sorfieﬂé’% tePﬁFleﬁsé]Hc?Btalf{aLlE Fehee B&?%’fe %@?a#%ﬁ%“%ﬁ% ’%@ﬁ@%es‘fﬁlsﬁhe@t h,

suscepts bidukdeptibilith@r witcthtim. of the sensor elenents Ro, R, ..., Rn_1l and
the shield 33 are the easjiest,. paraneters to change froma )

fabri cati on- pr ocess*payREReT ol fua e Pa ’Slfﬁ‘”’d.w'q_‘é‘,ce‘gﬁn 8955%‘1“5’“?@’&8@‘81& in

whi ch t he gedhkey thk BElcliRg Ffor IF dad eRllPbé SEdaigddpuisdehi T yS i Hodl thid 19 HB trhigr
Xshield = 00, 3000 and 1500, respectively. For each susceptibility (oo,
3000 and 158@5ees@Rethdhi el ding factor F is calculated 30 for two cases, i.e.
with and without reflection effect. In the calculation the following is
assunmed: tshieid = 2 gm Ms_shieid= 800 kA/m,d = 0.1m tsensor= 0.005 m
wsensof®= 5 m  N55HREBED kA v tkeX 00V skint> WO 2006/ 0407167
PCT/ | B2005/ 053306 19 For the condition where the shield 33 is not
saturated, the assuned HaPV 56 KA/ m (700 Ce) is of inportance. For this
field val wethehe shield 33 is not saturated when the shield width is |ess
than wshield sat = 29 m For the 2 mthick shield a shielding factor of the
order of tens is easily obtainable in a controll able way, wthout the

i nfluence of shiel dFS_ m@;@@dyiwsi?,,gay)ﬂgemg&tfﬂkati on. An advant age of this
nmethod is that wth"a cegtaln conpi najigpn of the shield geon@8ty the
shielding factor F can easily be et ir{ﬁependent of %shield. For this to
be trus, it is necessary that: 10 2dNshi el dxshi el d/ Wshi el d= 2d
tshjeld%jijej d/%%%g@%3’>> 1

27 h
this sftuagion L))ccurss%t éma?ltvalues for Weniera, for example below

~10pum for the upper set of curves, at which F is not significantly dependent on the shield’s
susceptibility. |
_ Hence, by using a magnetic shield 33, depending on the shield geometry only
20 by choosing a sufficiently high but still practically realizable permneability, the sensitivity of
the sensor elements Rg, Ry, ..., Ry can be reduced about 1 to 2 orders of magnitude further
in a fully controllable way.
In current sensors based on the magneto-resistance effect, a conductor line 36
may be placed in the vicinity of a sensor element R, Ry, ..., Ry.1. The conductor line 36
25 gencrates a field at the location of the sensor element Rg, Ry, ..., Ry which is proportional to
the current. The field generated at the sensor element Ry, Ry, ..., R, is inversely
proportional to the width of the conductor line 36, assuming that the distance between the
sensor element Ry, Ry, ..., Ry and the conductor line 36 is fixed. Therefore, to reduce the
sensitivity of the sensor element Ry, Ry, ..., Ry.1, one can reduce the field applied to the
30 sensor element R, Ry, ..., Ro by widening the conductor line width. The widening of the
conductor line 36 width in current sensors has the same purpose as the shield 33 in magnetic

field sensors, as described above.



F = Wshield X (4d / 1NSensor )HdenD + HK (28) 2d HdenO+HK 15 In Fig. 13,
this situation occurs at small values for wshield, for exanple below -10m
for the upper set of curves, at which Fis not significantly dependent on
t he shi el d'v0 296843 i bility. Hence, by using a nagneti ccahBziosoB33s
depending on the shield geonetry only 20 by choosing a sufficiently high
but still practically realizable perneabplity, the sensitivity of the
sensor elements Ro, Rt, ..., Rn.|l can be reduced about 1 to 2 orders of
magni t ude further e sensitivityof@senspioglemdst Bo.ay---» Rm @garearin coment sansorbased on
t he magnet Q- i [ - 3 I in the
ici by of L EChRhE g, R pligi? uRRIRURLAS g phitber g porlIBY oMW 55" 2
gener at es amdngethichaanlst ¢ns peddualjoyied &f flavh elosedp Sirsersopelement Ro, RiRI- . Roi-. , Rn.|

o et ROTRRARLA SR ol @neat 1R sEHE! Bk RER 1 ohe!, SR Sthutly LIGn2 805 0"

el ement , R I "1s invers roportiona e t he
conductdr fefyptionef the§eld appligd ththe sener edimenblie Ebet Rieendtheeeforsénsor el ement
RO, R1, .. & [ ' h&ed, ‘ r. reduce
the sensi T SR (ol SRBEICfGcal TR ciferhal BEREho BF L ek P, Dl ce

the fiel d Rpphifedcandbadrpreg@daensor el ement Ro, R, ..., Re.l by wi dening
the conductor line wdth. The w dening of the conductor line 36 width in
current sensors has the sanme purpose as the shield 33 in magnetic field
sensors, as descri beguabeues: ND+ROT(-R40719 PCT/ | B2005/ 053306(2920 The
sensitjyity of a sensor elenment Ro, Rl, ..., Rn-i in case of a current
sensor may be further reduced by splitting the current into a nunber of
paral | el comdirbilicenapbinhs,a aratheo agrontsifiolvingih pheqmexipiy hf the scusdreloount Ro, f | ow

cl ose to the sens . rre at flows near
t he sensorﬂél'é(rirﬂe'h?& thg%E%,%r?é.ﬁ?fo %ﬁefsﬁmsd’ tr%eé?cc}?'?f&g ué'@ﬁ?&é}%{]si ng a b
reduct i on refistanges dfitld epndystipn path thet fldve is regoeximite nthe sdReor eRinent Ry, Ri,RN-i  and

therefore itg Sanshbrdk byl (total) current is reduced. The current
that flows hedr the é{éngt(#pes éérrlgeﬁt Ro, Rl, ..., Rn., can be expressed as:

| sensol> =' neasur ed Thi§ methodhys nRigh ipeosigiion iothe pe@ious method of using a wider
current conductor. '
According to different embodiments of the invention, any one or a
combination of the above discussed ways for tuning the sensitivity of a sensor element Ry,
Ry, ..., Ry can be used to obtain sensor elements Ry, Ry, ..., Rp with different sensitivities
20  on the same substrate. The sensitivity of the sensor elements Ry, Ry, ..., Ry must be well
tuned according to the calculations above so that they result in a log function characteristic
when their signals are added up.
Hereinafier, different examples concerning the ways to tailor the sensitivity for
both magnetic field and current sensors are presented. The different examples are described
25 by means of TMR sensors. However, it should be understood that other types of magneto-
resistive sensor elements may also be applied, such as for example GMR or AMR-based
SENSOrS.
First, different possible sensor configurations for magnetic field sensors will
be described.
30 © Inafirst example, a sensor device 30 may comprise four sensor elements Ry to
R; which are connected in series (see Fig. 14). In this example, the geometry of the sensor
elements Rg to Rj is varied so that they may have different sensitivities but they all have the

same resistance (at zero field). Since TMR sensor elements were assumed, the sensor areas



i n which 'Sensor and | neasured are the currents flowng in the proximty of
the sensor elenent Ro, Rl, ..., Rn_1 and the total current to be neasured,
respectively. R and Rby passs are the resistances of the conduction path
t hat fl ows Won2aolve4opidoxi mity of the sensor el enent Ro, RPCT/IB2005/08806, and
that of the by-pass route. 15 This nethod has much in common with the

previ ous nethod of using a wder currenty conductor. According to different
enbodi ments of the invention, any one or a conbination of the above

di scussed mastbekaqral, tsqthah@u@lhem%@na ar¢ obtaigedoThaeqeirsoistarek endimpdRipce R1, . . .
R_i_can b, gt an Of SRR scBoP TR AoS afdy BRkeribad apofd 1 W LN d fferent
sensitivities e sa bstrat’e &"seh Sitivity '0f the sensor

el ements Ro, Ri, Inaﬁmﬂd emmlc,b’éuweb Hlustraterbid Figs d Hrthié segsor devtides3O is
calculatio uny n ristic
when t hei rggllﬂéﬁgly@ ﬁza ekﬂ%e %UFé{w oﬁgll&& Sr(#é tgiﬁllngrg F‘f é@ayggg%ﬁ%é%concerm ng
t he ways tmnbsr bfﬂub{e}emestenmmd mypafatiel. Ithes, howva-gneq be:un‘dmtodd tmtinether ent
sensors ar t t means of
T™NR sensor SNERENECora e B8k R ER SR IER B AR D B Do o
resi stive bdhsormplegmentsligals, sinsw cleaicaill is adv,t i parahbelﬁldr-eianamqakné GWR or
AMR- based s L ff n S conf i tions for
magneti c falngﬁﬁ gﬁtstlgg OF:}%II‘JIath) %{’ﬁ?}g é"S‘PI e?%kelﬁgg{ﬁ@ii Sﬁzes mé}eggggr?p 6efo a sensor
devi ce 30 tmemyg wmpwtjsmdfamar(fosamsxgrremtmmmulmemly Fﬁb snbriclemens @[’czmdnect ed

In series s of ~t.he sen

el enen da F\;i ﬁ)?ef%lg}rs azaave 1d nilcal ﬁﬁl%n%?ﬁ égecause ave”ggtfl%te;?nefri] 1d ISS JEqu T1iF VI ties
but they adrid tllrmferetﬂiaesubdsanems &s’l @ﬂ&n’tmee(laQuaishape anigitgpy. Sl nce TI\/R sensor

el enents were assu SQIL.al 06/ 1 2005/, 053306
21 nust be equal, 2%1 thg‘%]&aﬁﬁﬁ e?%Zﬁ%:égggg’Fséalo%%avgﬁ H’%y mal.)lla‘.JF

r esi st ancevarigd bf platri]:g)shucadsdé ha°vmg daﬂﬁarmt shiplding factgys, iinrthl pfomgmty dfnhn TNSENSOor ,

as was alr b IIutrated
T Fg. i B30k REEEPI Sy pliflale BERORG, GRS OLE R s 6HRLLT one
or nork seatimensionk.demtldy ﬁ@ﬁtmsmrmmebﬂl@p hottshnehkd)ba:aﬁsemmdzrémgmcf the

sub- el enent n £ | | e t ha however, to be understood that
i n ot her f?’rﬁ&dn&%é qél%:uétol% fhe hf%lesttﬁe"smw%nt i on, the sub-el enents may al so
be connected in SerA«p&ferreﬂmonﬂgaraanqunlamagn&tmrﬁeﬂmseﬁﬁogjs illéstragé nsofough enent R,

Is split i n}ﬂgple iR ga‘H ’ﬁns gxal?np?e Stk rﬁost pfactlcal design because it combines both

variations in geometry and shielding effect, hence giving maximum freedom for tuning the

-20  sensitivity of the sensor elements Ry to Rj. Splitting of some elements, as in described in the
second example may also applied in this example.

In Fig. 14 to 17, reference number 40 denotes the sensing current.
Next, some examples of possible configurations for current sensors are
described and illustrated in Fig. 18 to 21.

25 In a first example, the sensor device 30 may comprise four sensor elements Ry
to R; connected in series (Fig. 18). The sensor elements Rg to R; may have different
geometries thus resulting in different field sensitivities. Under the sensor elements Ry to Ra
there is an isolated conductor line 36 with a constant width in which flows the current to be
measured (denoted by reference number 50). The conductor line 36 generates a magnetic

30  field at the location of the sensor elements Ry to R;. Field values at different sensor elements
Ry to R; are the same, therefore the current sensitivity is only determined by the geometry of
the sensor elements Ry to Ra. It should be noted that for a current sensor, there are two

~ different types of sensitivity, i.e. ficld sensitivity is the sensitivity of the sensor to any applied

- field, and current sensitivity is the sensitivity of the sensor to the current to be measured, i.e.



and R". Splitting of at |east one of the sensor elenents Ro to R3 gives
nore freedomof tuning sensitivity and area (for tuning resistance)
si mul t aneously. The sub-elenents R' and 10 R " preferably may have
i denti cal ®NOEmedw®n®, because the sane saturation fiel decsaemogwssewd and
therefore the sub-elenments R' and R " need equal shape anisotropy. In a
third exanple of magnetic field sensorspsalternatively, sensitivity may be
vari ed by placing shields 33, having di?ferent shielding factors, in the
proxi mty G ritivesigadnsage/ceirantdntlss Ret txempl, the smsdFielpmehB)R, td R; tolay Bavease t he
sensor el epen v gne 15 dinmensions. Normally the
first sensor ref]tégrrem%tgﬁga% CglP%eo 2 ﬁ?%‘:ﬁogez because, according to the present
invention, it nust THeesendohdevidegifeltstrated gi Hig. vh9tuysmilarno ﬁfeesamsedd@dmm)gﬂr ation
for a magngti-c.fiel sal Il W8 rt@ n Fig. 17.
Thi s exarrp&'éﬁirsée’faﬁé)gemé:}gt rlg{é’tqf(t:lh euscl%r?g%eca se ‘?é © %trfﬁl r{%g l%‘:a{t'%ls
var i at i onsresiitingeio differopt ’éﬂ:idk appliel tdidifterant ﬁ@@ctr clehenis &o ¢p Ri. nge mblmanm bf eedom
for tuni ngth% Ugna?Qns%SEes' RN ap%dﬁél{? RiE %&B ; 85‘3 téereé? ar tuqm we! 1 tting of
sone el enents, iHEGESE second exa S applied in
this exarrpctwrenusnnsmvgy ot[tlaebmsdr?e,lememisdtoemﬁe nunmber 40 denot es the sen5| ng
current. Next, so Loxa es. o Qssibl e..canfigurations. for c
censors are desor | DA AR strpiise FERRaRoRi Y o il RyhBEind e o,
exanpl e, trheass:ednﬁ@mayilaa/spd}emﬂﬂsemyl pamtdplraosamcflorupatls;ecmenl byepasremtcsxt ﬁaﬁh to R3
connecfed Fi ens n
di f f er‘faoﬁt 373%%% {""*ﬁ“’{‘ t%&esa“r e%u‘i"ts‘“ "ﬁeme"?g‘i "r"f“gpg'ﬁ{es‘? ﬂ“&“‘s%“’%%‘.“i‘. \ﬂe‘f‘i/
Under t he tedaseay sﬂhl&mM@wEﬁh bmlyne p:ttlhﬂom inshegroxigdily af thel elzorotuBdror | | ne 36
with a const t h gurre ured (denoted
by ref er enBRiRbereRds T Rafd ol meh B SR bRt AR R hE S0
field at tthebylr msatum:nt paih Im:a)sm&mblydiedommﬁst Mfkmnﬂﬁterdéhlmcdlevﬂlsm&mt at
di fferent ﬂsleeﬁ%rala%lg ﬁole ) . anarm%l he same, therefore the current
sensitivity IS oAy Je?erm dﬂ"bv‘lhé 9&6metry of the sensor elenents RO
to R3.15t shoul d bdnnadtweth etxhaplejmonﬂmtaum efrgeomeumsmonduttloewﬁiﬂaxrﬂ t wo
di fferent tivit i t |sthes tivity
of ' the. sertibie S boed ERbmors Sydisdine torducof PR el ke Mot v FErERRA
sensi ti vi tspliihg tdneorskensos Ry o Rhe vfasrdrsauhedtim tHe@ecvad sxangde of themagtﬁlc
2006/ 0407 cF%I/ ISB%OO SlquSa 0|6e 22 L rati o signal voltage/current. In this
first exa cIl PRE"EEhS BPér%?s‘? to R3 may have different geonetries
as can be seen f rorinll?lgls wl,?aﬂe&ermememberdewibms?bﬁh dsehdewstrestt ed in Fig. 19 is
simi %r to the SensQLa oev\éld%secriggd é)xfamples are not limiting to the invention as it can be
understood that also different combinations of sensor elements Ry, Ry, ..., R, may be
applied. Furthermore, the sensor device 30 according to the invention may comprise any
number of sensor elements Ry, Ry, ..., Ryy-
The sensor.device 30 according to the invention can exhibit a linear
25  relationship between the sensor signal and the logarithm of the magnetic field or current to be
measured. The sensor device 30 according to the invention may be applied as discrete
magnetic field sensor which can sense a wide dynamic range of field over several decades
and as discrete current sensor which can sense a wide dynamic range of current. The sensor
device 30 of the invention may furthermore be applied as integrated current sensor which can
30 sense a wide dynamic range of current and in any application that need to sense non-
invasively a current which is converted from a quantity to be measured and this quaritity
varies exponentially e.g. with time.
It has to be understood that the examples given in the above description are

not limiting to the invention. Any possible combination of the described methods for tuning



t he firs&ﬂﬁxanple, but the wdth of the conductor line 36 may be varied at
di fferert Bedtlil8ns, 5 resulting in different fields applied to different
sensor elenents Ro to R3. The conbination of the variations in geonetry and
conductor |line width gives nore freedon1%or tuning the <current sensitivity
of the sensor elenents RO to R3. In a c& rent sensor device 30 according to
athird ki@ cur ren ic SSRas Yebiln bepsplid .LOf O sever al
paralIefﬁiﬁﬁghggygﬂggéfﬁggJggﬁﬁgﬁagy-pasgrcur?@ﬁgg%dfﬁRﬂgghgygggt t he

| ocat i oscestrdiag t¢ Swsnventionde nbtain eécaparievied havinRan vhpuesipiiad showingni quasi

sensitivit ds.to be very small., anp ich only one path flows in the
proxi mi !}g}e%rfr Q][%ﬁgnsal% Fen {%rsensé?b f)‘lgf‘%é‘fla gl?f‘\;\(gﬁﬂétp’é‘ qfcthe ﬁ‘ﬁ?ﬁpué%ﬂi’r%e% s ed,
such as ekahplexanmietit Beld dicagemt ed current sensor, ‘the by-pass current
path 37 may preferably be |ocated at a different interconnect |evel so that

the Yateral area &fisthke widsrstoaltbatalthoughepreéredunibodiments) specificir t h exanpl e,

a conbi I . ometry...conductor w dt. nd _shielding. s used, .

Furt her E@?gg{el&é%{% at%? iCﬁaﬁgﬁ'@ﬁ%“%\ﬁlﬁ%mﬁtngls Ve hegth Sf)‘}‘%%‘ %QHZ%%F‘@Sand
splitti Beosding &y thelf;memtiﬁva@iohma%uaahae@és &4 BE6MSisREhs In FiR SRACREML ﬁé% npl e
of the magnetic .field sensors nmay also be applied (not shown). In Fig. 18
to 21, Pemsdendbop departingdrame thetiavention, the peppeel mhigitis definetihy thbeppended
descri bgg;gxanpl es are not limting to the invention as it can be :
under stood that al so different conbinations of sensor elenments Ro, Rl, ...
R'_i may be applied. Furthernore, the sensor device 30 according to the

i nvention may conprise any nunber of sensor elenments RO, R, ..., R' _1.
The sensor. device 30 according to the invention can exhibit a linear 25

rel ati onship between the sensor signal and the | ogarithmof the magnetic
field or current to be neasured. The sensor device 30 according to the

i nvention may be applied as discrete magnetic field sensor which can sense
a wi de dynam c range of field over several decades and as discrete current
sensor which can sense a wide dynam c range of current. The sensor device
30 of the invention may furthernore be applied as integrated current sensor
whi ch can 30 sense a wi de dynam c range of current and in any application
that need to sense non- invasively a current which is converted froma
gquantity to be neasured and this quantity varies exponentially e.g. with
time. It has to be understood that the exanples given in the above
description are not limting to the invention. Any possible conbination of
t he descri bed nethods for tuning PHNLO41119



23 the sensitivity So, S1, ..., S. _1 of magnetic sensor elenents Ro, Ri1,

., Rn PHNRJ#J48d" according to the invention to obtain a sensor device
havi ng an out put signal showing a quasi |inear relationship between the
sensor signal and the | ogarithm of the asured property, for exanple a
magnetic field or current. 51t is to bé understood that although preferred
enbodi ngft gpagpeci fic constructions and configurations, as well as
mat eri al s, have been di scussed herein for devices according to the present
i nvention, various changes or nodifications in formand detail may be nade
wi t hout departing fromthe invention, the scope of which is defined by the .
appended clains. PHNLO41119 24 CLAIMS: 1. A sensor device (30) conprising
at | east two magnetic sensor elenents (Ro, Rl, ..., R-I) connected in
series or in parallel, each magnetic sensor elenent (Ro, RL, ..., R'_1)
havi ng sensitivitg (So, 81, ..., S,,.1) and saturating at a saturation
field (fo, HL, ..A sepgoridevice (30)compasingatleasi tvramagnsiic sses dementy (Reo, S,

..., So 0 ?)5‘63?111 i C ) _ . j di £fers
fromt hgjr)s'éﬁfgin't | Vi t)g/a ?@ng ée%f? Sﬁ%ﬂ%pﬁ%&%@ﬁ%w%sg?elr?ggeﬁte@ggﬁééﬁé%}l_ﬁ

el ement haiRp a s&bitivity. (So,Rs; 1.),.8.2) andl satwnatong al @ gataentiol Beld@oHdj ngH.9),cl ai m 1,
each of the at least two sepsor . elenents o,, Rl, ..., R'_1) outputting a
sensor §]it‘ad?l‘§?mt§9él? a’ét ﬂ’é’ﬁﬁ@s%’!“%(s@e#ised%a} é%@?‘émag&ﬁ:ﬂ: sepgpr Rt fRe Be> sum
of eqch ofrt haifkes i 4o, atgl : i ‘ enment s
(Ro, Rl,’..}? R.-I%e?vﬁgg?%hgmgéﬁépﬁneé§ ﬁﬁﬁ%?%gﬁlo¥ ?ﬁ%kggﬁgggﬁ%g%gneter
over t h&ax &mnge,8h1Xxhe sensor device (30). 3. A sensor device (30)

according to claim2, wherein the non-linear function is a 15 quasi-Iog
function. 4. A sensor device (30) according to claim1, wherein each of the

at |easp two nagAebhder H6VIeO (307 heddRdihg td E%im Rleach of thef@1chit hd%enddpe same
geonetry and size. 20 5. A sensor device (30) according to claim1l, wherein

at | eastlemaets §Ro. fhe. - atRa1dgutputtings sesgnsighal oyens tange béasersed pRameRt,, and. . |

R . di e ry and siz 6., .A nsor device (3 accordin
FoY o BlicrBintthe hih SR ko OIS LaaBGurbl i oo 1 VS BaaRieie s alenafig " @' "
el ement o RY....RR,1)-fits to Ko linkd fizfdhibh of HeGemed paAsietérivves e rRI RIS

sensor device (30).

3. A sensor device (30) according to claim 2, wherein the non-linear function is a

15  quasi-log function.

4, A sensor device (30) according to claim 1, wherein each of the at least two

magnetic sensor elements (R, Ry, ..., Ra1) have the same geometry and size.

20 S A sensor device (30) according to claim 1, wherein at least one of the at least

two magnetic sensor elements (Ry, Ry, ..., Ry1) has a different geometry and size.

6. A sensor device (30) according to claim 1, wherein at least one of the at least
two magnetic sensor elements (Rq, Ry, ..., Ra1) is split into at least two sub-elements

25  (Ry’ and R;”) connected to each other in parallel or in series.

7. A sensor device (30) according to claim 1, furthermore comprisinga
conductor line (36} positioned under the at least two magnetic sensor elements
(Ro, Ry, -, Rat). a



25 (R' and R1") connected to each other in parallel or in series. 7. A
sensor dBUNES4Y130) according to claim1, furthernore conprising a
conductor |line (36) positioned under the at |east two nagnetic sensor
elements '(Ro, R1, ..., Rn_1). PHNLO41119 25 8. A sensor device (30)
according to claim6, furthernore conpri 3i ng a conductor line (36)

posi tioned under the at | east two nagnetic sensor elenents (Ro, R1, ...,
Rn_1). 5 9. A sensor device (30) according to claim7, wherein said
conduct @ |ine (34 sersbiod&ice (80) dcesrditig toictHith 6 furtiemprRsdobipiingfa at | east
one of the_ at |east two magnetic sensor elements (Ro, R1, ..., Rn_1). 10
10. A séradicterdinedao) psitionsd Bnder thy atdeast Baymagnetig senser plsmentsonpri si ng a
by- pass (R%‘KlrentR,Pﬁ‘th (37). 11. A sensor device (30) according to claim1,
wherein the device’ (30) furthernore conprises at |east one magnetic shi-eld
(33)5 15 12. A sensor device (30) according to claim1l, wherein said
magnetié shield (332 is placed in the vicinity of at |east one nmagnetic
sensor &t enent (R4 Sarpor device (3) aggording to glagm 7y whexsin spicheqnsueior ing(3P)sensor
devi ce GRQs a bitferdRWHEG aQﬁ{EHfo'sﬁi'ngff aPlBast oRE BY indiaNRadliwh efidGeniBgneti
sensor elenents (Ro, Rl, ..., Rn_1) connected in series or in parallel,
each maghetents (ReyBor...eReent (Ro, R1, ..., R -1) having a sensitivity (So,
SI, ..., Sn_1) and saturating at a saturation field (Ho, Hl, ..., Hn_1),
whereby the sensitivity (So, Si, ..., Sn_1) of the at |least two magnetic
sengpr ements ( device d?gcél()r i S SYC Lt Wil ( So,
Y I ?be 1) of Rgsggh&}rgae‘éﬁgﬁ c seng%rétile%lnrggf%ﬁ?rgkﬁgiﬁgggﬂge%%gti vity
25 (So, c@tent path (3%w_1) of any other of the magnetic sensor el enents (Ro,
R, ..., Ri_1). 14. A nethod according to claim 13, wherein the sensor
device (30) is a non- linear sensor device. 30 15. A nethod according to
cl aim 181, wherei nAtdéﬁsq‘iﬂaﬁi@égﬂ)?ﬁb&@dihé% clafin 3, WH@Sin tht 88aéd 3oy Cc or

| ogarithm c sensor device. 16. A nethod according to claim13, wherein
set t i ngfurthermenssompyises,at least one magnetic shield (33).

15
12. A sensor device (30) according to claim 11, wherein said magnetic shield (33)
is placed in the vicinity of at least one magnetic sensor element (Ro, Ry, ..., Ra1).
13. A method of manufacturing a sensor device (30), the method comprising:

20 - providing at least two magnetic sensor elements (Ry, Ry, ..., Ry.1) connected in

series or in parallel, each magnetic sensor element (Rq, Ry, ..., Ry.1) having a sensitivity

(S0, S1, ..., Sn-1) and saturating at a saturation field (Hy, Hy, ..., Hy.1), whereby the sensitivity
(So, 81, .., Sp.1) of the at least two magnetic sensor elements (Rg, Ry, ..., Rp) is set such that
the sensitivity (So, S, ..., Sp1) of each magnetic sensor element differs from the sensitivity

25  (So, St, ..., Sn1) of any other of the magnetic sensor elements (Ro, Ry, ..., Ry1).

14. A method according to claim 13, wherein the sensor device (30) is a non-
linear sensor device.
30 15, A method according to claim 13, wherein the sensor device (30) is a quasi-

logarithmic or logarithmic sensor device.

16. A method according to claim 13, wherein setting the sensitivity
(So, S1, ..., Sp1) of the at least two magnetic sensor elements (Ry, Ry, ..., Rn1) is performed



(So, S1, ..., Sn_1) of the at |east two nmagnetic sensor elements (Ro, R
., Rn_1) is perfornmed WO 2006/ 040719 PCT/1B2005/ 053306 26 by changi ng
the geometry and/or size of the at |east two nagnetic sensor elenents (Ro,

R, , R-,WO20/04071%et hod according to claim 13, wherei RCTEB20DINF330e
sensitivity 5 (So, Si, ..., S,,.,) of the at |least two nagnetic sensor
elements (Ro, R, ..., R.,) is performad by splitting up at |east one of
the at |east two nagnetic sensor elenments (Ro, R, ..., R-,). 18. A

met hod accOr @irngng & geomatny pad/ongizeof thy a8 lepst tywigymegnstic sinsorelamenty (Se, Si, ...,
Sn-1) of t{wg Rt | easf two nagnetic sensor elements (Ro, R, ..., R,.,) is
performed 10 by providing a magnetic shield (33) in the vicinity of at

| east one of the at | east two magnetic sensor elements (Ro, R, ..., R

., ). 19, Aprethod agGRkilid@cdr@ing lodldin i, wih&h SdifingSBt tdnBiflvilyie sensitivity
( So, the at least two naqnetlc sensor elenents (Ro, R
[~

S,, ..., S"-,) of t .

., RS SeSiper Po) pEle aligaskiyvormagpetis gorClaReHeBecis hi.dnd) i§ BIformAd t he
vicinity ofy @imﬂngaﬁ bt 12REoRfof iRt Rhst heRRherdeVO sMBIRRIeGts (RERSO., Rl §ments (Ro,
R, .... R-,) 20. A nethod according to claim 13, furthernmore conprising:
- providing a conductor line (36) under the at |east two magnetic sensor

20 el ementg (RO, R A method abkordidg to%deimA3 'PRAGH s@Gpahdiendsitigy ¢l ai m 20,
wherein providing a conductor line (36) under at |east two magnetic sensor
el ements (& SuR;-; Su) of theatleast twgmpepaissepprbRleeniy R Ricondadtivperfaried (36)

havi ngia diyfdr&iding a WagHehic tielll [153) ROBE VicRity OF atdlasl SRIF AL tvhdRadhotid €St
two 25 nagnetic sensor_elenents (Ro, R, ..., R _,). .

sensor elements (Ro, Ry, ..., Ro.g).

19. A method according to claim 17, wherein setting the sensitivity
(Se, S1, ..., Sq1) of the at least two magnetic sensor elements (Ro, Ry, ..., Ry.1) is performed
15 by providing a magnetic shield (33} in the vicinity of at least one of the at least two magnetic

sensor elements (Rg, Ry, ..., Ry)-

20. A method according to claim 13, furthermore comprising::
- providing a conductor line (36) under the at least two magnetic sensor

20  elements (Ry, Ry, ..., Ry,

21. A method according to claim 20, wherein providing a conductor line (36)
under at least two magnetic sensor ¢lements (Rg, Ry, ..., Ry.1) comprises providing a
conductor line (36) having a different width at the position of at least one of the at least two

25  magnetic sensor elements (Ro, Ry, ..., Ra.1).



