Non-|inear magnetic field sensors and current sensors The present invention
relates to sensors, and nore particular to non-linear sensors, for exanple
t hose exhwbiztégngoassubstantially |inear rel ationship betggab2dkesssensor
signal and the logarithm of the property neasured by the sensor and which
can be used as a w de dynanm c range sengor offering a constant relative
sensitivity and a uni form SNR over several decades. Magnetoresistive (M)
sensors &Nom;lideyr dedneti¢ ficldnensbisnedcusaensarsrswi t hi n t he nmeasuring range. The
nost widely used types of MR sensors in nediumand |low field range are
based on ani sotropic magnetoresistive (AVR), giant nmagnetoresistive (GWR)
or recently tunnel nagnetoresistive (TMR) effects. In principle, one type
of "good" nmagnetic sensor is a sensor which exhibits a |linear
characteristic within a field range of detection, beyond which the sensor
signal is saturated. Consequently, sensitivity of a sensor, which is
determ ned by the slope of the linear part of characteristic, is negatively
correlated with the detection range. The sensitivity and field range can be
tuned to neet requite . i t | | j e |0 X | e,
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on magnetwddd @shasicnage @hioeotfSritedcdusant WRtide denkitidity 4Rl AldiPAS SNR Hel ween
sensor si gnal a&% el ectric current. For instance the comrercialised current
sensors PFYGRIESALERBel | provide |inear current ranges froma few Anperes up
to 150A with of course rather |ow 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
application with i i; 20 e Hi it vty
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tunnel magnetoresistive (TMR) effects.

In principle, one type of “good” magnetic sensor is a sensor which exhibits 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
linear 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 application 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 nagnetic function is described.
The docunent relates to nmultiple magnetic field sensors which are conbi ned
in a singheowgnetivc sense circuit to provide a tail oregdcraspossssaccor di ng
to the desired function of magnetic field density, such as a function of
angl e, or position. The magnetic field sensors are chosen based on out put
characteristics and conbined in configurations so as to provide offsetting

Sensor erdofnfontMRAM &SR] hijovwdag e lerietitation @ f eersofisorsW ikublisigfieicamgt her so
as to provide a linear response. Fig. 1 illustrates one enbodi nent of a

magnet i ¢ XEASH circuit 10, described in EP 1 225 453, in which a Hall

effect sensor 12 i g, g@nhbgusPeeeiiuitind ni¥BBARE Brov Rt SdeRfreSRMMhselfomA bi as
voltage VB 16 drives current froma constant current source 18 to the Hall
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magnet o- r esi st or es a shunt across sensor 12, and
circuit outypitito previge otailded respons@ldicopding torthé&idepire@ funmtign afxhagnkti¢ iddvol t age
outputs ip respopse t.o t.he angul ar si t4.0n for. .t circuit illustrated in
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W t hout a magnet o-resistor shunt 14. The addition of a magneto-resi stor

shunt 14 %28 ed.datdiohrcal] effgt sengar 1@jiyconfigured withrasmagngtorresgordentot he Hal |
ef fect sepsQbidee PB 96 YRTLY dufrehtTydhn ¥9+& BYLIRAPRSE 196D IHIEA dPicCldhdee 26 1N
Fig. 2. Subject " to | ow values of fie of density B of either polarity, the
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straighten the response curve, as can be appreciated fromthe two
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20  between the output voltage of the Hall effect sensor 12 and the angle for an individual Halk
effect sensor 12 without a magneto-resistor shunt 14. The addition of a magneto-resistor
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 comparative 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.



significant inprovenent to the linearization of the Hall effect sensor 12
when resolving a magnetic field that follows a sinusoidal function. However,
in some appl2o@atdmavs | ogarithm c characteristic may be requBzowslos3Bar
exanpl e when the quantity or property to be nmeasured is spread over a w de
dynam c range of several decades or expgnential phenonena arc involved,
such as neasurenents of chem cal concentration, neasurenents of pressure
and vacuum phot o- Howssiran somt applidhticas hagaritheliy charact@istie magppkdqaiéd, @S,
equal |y good sensitivity.and SNR may be needed over a wi.de dynam c range of
magnet i ¢ FPEPY “g’i“/n Qs IHaRREY °f Pf"B%rﬁ‘/e‘r"éF,meés‘frE) BPIATP YT dSHEO YR8 s o
that gi vest sévetdlldsdaddit drakpohehtid) hénodiens] iR Shvolvddesich he hdhduaisdhtsbrbet ween t he
sensor signal and the logarithmof the quantity or property to be neasured.
A known vBgmical oapritiption. Measusgyaeity pfraressye 48draqiemppholo-pmissign, eensor is to
converst i j rs b St £ [ alpy! g4 4 in
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decades. wide {gnagmc wbpeefmagnetiheldoeswnat.i nvention to provide a logarithnic
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constant relative s ever a
wel | as ajuaeilined relhitiorehipfbactean ithegseasod sigpe ad the dogahichns afithe qudneityadrove

objective is acc | i shed a nmet hod and devi ce according taq.the resént
oent i oPrORRHE bR PR B e OvraEe § TR TERE SRoPE e inp SR ar

| eastiot Was fRE@nedrt s InRasEHarRlcEbi nfo 16 MIaRicRHaraftehfichBig @ktetnd] fladtdhnlcg! , each
magneti c sensor el enent having a sensitivit wherein the sensitivity of

each magridYesdnsyry efteratts dp P3detNR ptlowes ¢esadesnsi tivity of any ot her
magneti c sensor elenment. The sensitivity of a nagnetic sensor el enent may
be defined as the slope of the Iinear characteristic of the sensor el enent.
In the sensor device according to the invention, each of the at |east two

sensor el ements may Ot [l t@ft%@B&Q%/nt%iv?ﬁ'ﬁdn BYHdvidt 4 lﬁgﬁﬂg}hngc sEnsoP Wil

paranmeter and the sensor device nmay output a sensor over a total
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of the sense paraneter over the to aTv range OP Pf'le sens“f)r g evi 8% nlgne
non- | i neahe same.
The above objective is accomplished by a method and device according to the
present invention.

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, wherein the sensitivity of each magnetic sensor clement differs from the
sensitivity of any other magnetic sensor clement. The sensitivity of a magnetic sensor
element may be defined as the slope of the linear characteristic of the sensor element.

25 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
function of the sensed parameter over the total range of the sensor device. The non-linear

30  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



function may be a logarithmc or quasi-logarithmc function. It is an
aspect of the present invention to obtain a sensor output signal which
shows a nwo-2beenaarior el ati onshi p bet ween the sensor si gnactabpthos/hss3eeasur ed
property, e.g. a substantially linear relationship between the sensor
signal and the logarithmof the measureq property. The neasured property
can be, forexanple, a magnetic field or current. This type of sensor may be
achi eved ehympled m@ﬂeheﬁsleros turrent. tThisaypeafdensot ntah®e athiévea sl tinip dagnet i c
sensor el enents. sor device according to the i nventi on may be

appl i ed é%“sﬁivété’l"éfe r?z é’ltseémft}”%l“&gg“éﬁ§8?5 P %%an sense a wi de dynanmic
range of field overhseuerabvistesas@mgabtheafvedltiss iy Be apiif-8Rs dis&BgOr Wwhi ch
can sense a W de dynam c range of current. The sensor device of the

i nvent i ofnagastia ifld praseroYiEcien s Revidadyiamicynet eididdpyes sevesbdesdesani ch can
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the at | emasivelya cuagnethich 1semmrtecefremmr¢u3ntnmyo b’ﬁiMEasaredlafuﬂ dﬁsemiang@orret ry and

si ze. By changi si ze and/or geonetry of at |east one of the at |east
t Wo sensdfm%sleg‘f’r%‘ﬂ?‘%'g?y gEth WSensor el enents may be obtained with a
di ffaopent sensiti VAtdbrdih@itoshetehbdigithosh theibentdh, d8RSE theALlet thd1e t wo
magneti c sensor elenents may be split into at | east two sub-el enents

connect edASBetE RSB ElgBIENSS ﬁlafxél@aff ‘Ihé pamBs gganediy ang size-dp ppatheregbadiment theast  one

of the sePRQY wfb RITBILR seHsYLeMBHembY ﬁﬁ@%ﬁéreﬁ%bﬂn@tr? enplidd, Ys!yfc}{an%ﬁ% area
(for tuning resistance) simltaneously. The subel ements prefeérabl’y ‘may have
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20 In other embodiments, the device may furthermore 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



to the sensor el enent by w dening the conductor |ine width. The sensor

devi ce according to the invention may furthernore conprise a by pass
current pabhoodiaaotibi s enbodi nent, the current to be neavaraB200Bys3B6 split
into several parallel conduction paths, called by-pass current path, at the
| ocation of at |east one sensor el enent .where the current sensitivity needs
to be very small, anong which only one path flows in the proximty of the
el ement . nhagnétid hhteAdlGudteds earbadiailtentThetehfectbensebf the vhiek ieaduciaggiic se at
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field mageoretshefithesiellzed by the shielding fact or F. Hence, in order to
tune the sensitivi wthehﬁgen%nfv@rhmgcm&gmmﬁtm (R b6lbind ror MY D
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sensor el enent havljl a dlffer?eim1 sensitivit Ln a fuc{)éohglr aspect of the
invention, a metho @“B?r&??%é %P“VF‘HE’HN%H’G diLRrPYige ®sensor devi ce.
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connected in series or paral l el,, each magnetic sensor el enent having a

sensi ti v|SF’V°W@P%‘B§/CQqﬁ'éCt%WssF{“FS\Hrtl?P%ﬁi”ft'*F‘é‘?}afnag@é@tseftsﬁbel??ﬁ@ﬁé‘?Yleg densor

el ement s it kv@}é%yttﬁpstensﬁmtﬁcﬁﬂﬁé ﬁt'lé’a's{t)&vo%ag?@ﬁ@seﬁ%@%ﬂeﬁts%@@QJchel ement
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tuned in gyl eI50 ¥¥§¥o§eleh{%n§ first enmbodi nent, setting the sensitivity of

the at | east t\ﬁo magneti c sensor el enents nay be perfoormed by changing the
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| east t mmagagitﬁiehﬂ)r elements may be performcd by changing the geometry and/or size of the at

least two magnetic sensor elements.
In another embodiment, setting the sensitivity of the at least two magnetic

20  sensor elements may be performed 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 ¢.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



sensor elenents. Splitting of at |east one of the sensor el enments gives
nore freedom of tuning sensitivity and area (for tuning resistance)

si mul t anewoWys/040e sub- el enents preferably nay have i decotriiBzuos/0s38®nsi ons,
because the sane saturation field is required and therefore the

sub-el enents need equal shape anisotropy. In still another enbodinent,
setting the sensitivity of the at | east two magnetic sensor el enents nay be
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char dét erof gei isgentidre dthe refereacedfigumiasaqub@d dsloofrefeh ® the etsehtd drawegt.i on wi | |
becone apparent fromthe follow ng detail ed description, taken in
conjunction with the acconpanyi ng drawi ngs, which illustrate, by way of
exanple, the principles of the invention. This description is given for the

sake of exanple only, without limting.the scope of the invention. The
reference figures Gdot 5 SBFBIICTERECNRHOR P BMAENSInESE SOF shnhydized with a

Hall effect sensor according to the prior art.

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.



Fig. 1 is a schematic representation of a magneto-resistor shunt utilized

wth a Hall effect sensor according to the prior art. Fig. 2 is a graph of
circuit wsbtageaofior the circuit according to Fig. 1 inpceapmosesste angul ar
rotati on shown with and without the nmagneto-resistor shunt. Fig. 3 shows a
circuit diagram of a sensor device according to an enbodi nent of the

present invention. Fig. 4 is a graph illustrating the individual behaviours
of the different efigneRtaSeinilde@aph ofehy totallicagirampnal illiitgieddn Fig 8. 5 is a
graph illustrating_ the total signal of the sensor device according to Fig.

3. Fig. 6 is a senfigl byillysteins agpraligbconggciion sshgg of 8 sensprdevissagsordiag fe e

accor di nQptRbbdithentof thd Sresefit inSerfiodr aph showi ng a sinul ation of the
i ndi vi dual characteristics of six different elenents form ng a sensor

devi ce accordi ng tBigahl swiysdisidenievod! a shieldraasarficvicpgenerdiontodi g. 8 is a

graphcil | [ S . ; devi ce conprising six
di ffersentCle)Féﬁneeﬁp(gﬂg% rgéegl{ %BCI?%QE?%I} ];'%ﬁlle—‘%l 8‘3’%‘3&%@?5' sem -1o0g graph of the
total sensor signaFigi 12 shetvs attepdview oFthg.shi8ld-dengpr dédcd ddcustingab &sg. dlpar al | el

connection schene of sensor .deyice accordin 0 .an _enbhodi nent. of the
present invention. lQ'Igi g’.‘sffr"sohd&%s\{rﬁmég tﬁgg@fﬂgwgg?ctt% shire -es‘gﬁgb?ft evi ce
accor di nghiel fanthe Abed: 3Bk deficd Rehpwe FeFiy. 1I2wdFid.a8. i n an applied magnetic
field. Fig. 12 shows a vi ew of the_ shield-sen devi @Ee@accordi ng to

to _ or

Fig. 11. Fig. 13 k&g léﬁ%gﬁshqw trhemaliq 1H§5tfaH8nSs‘}fidéfEfiiFIH§“1b8 pisthal B¥ s t he
W dt hoof uLRppisdaitedidfselisolshe shi el d-sensor device as shown in Fig. 12 and
Fig. 13. Figs. 14 to 17 show schematic illustrations of different
enbodi ments that nBigs-Hé tapbphostschematicillysteigpasfliffqrpn embedinegtsfor] show
schemati ¢, LLliUsispati ons of different enbodiments for current sensors.

In the different figures, the same reference signs refer to the same or analogous

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 reference 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 elements 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 circumstances 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,



In the different figures, the same reference signs refer to the sane or
anal ogous el enents. The present invention will be described with respect to
parti cul avoenwwadient s and with reference to certain dr asirngmobussziche
invention is not limted thereto but only by the clains. Any reference
signs in the clainms shall not be constryed as liniting the scope. The

drawi ngs described are only schematic and are non-limting. In the

dr awi ngs,intefé@s, %teb@oﬂcfonﬁibﬁﬁﬁ@is refeereg ko BBNdoss ﬂa)pr@ﬁlcEXﬁglgeé’ea&ee& additionef dr awn
on scale for ill ustr tive pugi)oses Where the term "cgrrprl ﬁb 1€ is used in

the presdlf CHBOE PPt %“rﬁﬁd“t S5} HEPS PTtCORBRRETIH PT FREPI Hhereos g!eéﬁ‘ﬁ%‘?t s or

steps. Wik ékBrésaQﬁf‘a diuvtc% C@lrnplqﬁﬁ fedr Ahdd Bt eholiRl es 8€l 1Mt RIRES I NG tO a
si ngul ar noun e. "a" he", this includes a plural of that noun

unl ess smsnﬁmggméi @@OWOE@MW%BI ItywﬁleSdb@tdmtmmeﬁ@pm@esepw@vqr@pms first,
secong, tﬁésrﬂggﬁ!l%hgcgotn#&h&tmth &ﬂ&%@%%h%ﬂ and in the clains, are used

for distingui en simlar elenents and not necessarily for
descri bi ng a sequeith¢ plesamt 1rwbm®mqir®gd®almeihqib¢f mgnufdcgiring alsensgndiyicst3@od t hat

the terns s d are i,nterchan a under a CII‘C nces and
that the %}Hﬁqb%ﬁsnﬁ%ﬁtas"o&lmﬁfergl ﬁ?/rgﬁ‘?i Fweﬁeg]cerse S%P earléllncrtiw PLORE rrg%ﬁe of
oper at i onméasured,ey. a&&lﬁymnmﬁhﬁdaa& qiesamehledlanbnshipl hméeattbddsehﬁj’relgnal anl is to

be notice hat the term nprisin used in e cla houl d ot be
i nterprett %I°§§“‘B€‘i‘ﬁéher‘@§"tsl"iegﬂ°€ﬂ’e'f%a bRt Hevies é(? a‘f‘ﬁ%% é‘rmeﬂi‘? -does not

excl uge Of§irofRr®IBBE Meurcdin®dybe, fdr ekdinflflUSmiehiefitlabe Elteat. gt 8snsaipeci fyi ng
the presence of the stated features,integers, steps or conponents as

ref erred deyice Bllecepsking lodhe ventiondraythisaiset Bsewide dynangmngr s7nser Whislec@r nor e

other f ea&rﬁff@%ongtm RURLE sen%ittﬁlR? a2 GRATRANAN Sver v LB, &k Efbfpose-ﬁhus the
scope of the expression "a device conprising nmeans A and B" oul d not be

limted tdssigaef ﬁ)@§er§9n®qvmm3ﬁgcm4hyg tsf the ovvpoirmevran baappligd B> diseretapaggetichat
\M t h res pf?e(f(;\seng%{g %ﬁ?s%ﬂgoré ggv\ggﬂ: ASOLQ ’mt{#}'ﬁcc? EllLry Cél'i ?An@é’r@ﬂ{ w?egm?e?ﬂ?ﬂa{n% Of t he

device are sent
manuflsct woipgisiag MAMrmcheschl tBé)ﬁmthlecdiesemlobltlnanaemnnwlil hedescrilglddtyi onshi p

DoLNECT, AESEPERLGPLANS B0 1 BOOREE L ReRRSTRBRLEBS oo g
and the |sF@aplaintiy a8 tHah eusmeasumdm@tcome irtventadid The RGO Inver@itinGRay3sodet ai ned
by such aapgﬁet:dht%dfor example, AMR and GMR sensors.
Basically, the logarithmic or quasi-logarithmic sensor device 30 proposed in
20 - this invention is a system comprising at least two linear magnetoresistive sensors having
. 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 Ry, Ry, ..., R,.; 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 31. According to the invention, each sensor element Rg, 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 Rg, R;, Ra. Each sensor
element Ry, Ry, Ry exhibits linear characteristics at fields below their saturation fields H,, H,
H; and becomes saturated at fields larger than these values H;, H,, H;. Preferably, the sensor

elements Ry, R|, R, may be designed such that their resistances at zero field are equal and



The property to be neasured may be, for exanple, a magnetic field or
current. The sensor device 30 according to the invention may be used as a
wi de dynawbDeoscanrgaosensor whi ch can offer a constant relpatriiBmosesssidi vity
and a uni form SNR over several decades. The proposed design of the sensor
device 30 according to the invention car be applied to discrete nmagnetic
field sensors or current sensors as well as to integrated current sensors
i n i nt egrhdiefilicesistanice shangegure thersgmd/RAMsninoivdves to bendtdtbthtthe presendescri pti on

the invention wll be.descrihed. nmea f TMR sensor, device. It has,
novever . st pasPEEER A iTre TR TR soeP s ERBRS RO R SRSt ni g and
that thi ithcughaliis i 183stadAghtdgotsNBavie AER re Bt esistdiRe Bves hidtigh MMBBchRAnMay al so
be applied to, for exanple, AVR and GVR sensors. Basically, the logarithmc
or quasi -OPHPHM QPRFAtien carags be guAFARied30 proposed in this invention is a

system conpri sing pdr fRARImPIVOINIR RERBrs"EBAEIAEBRIcS hay Be SEARHRA B ﬁ@éﬁiiri%g
different sensitivities and being connected in series or paral?el. he

sensi ti vithaargs ofdhe spnedr elameentstRa Rast., Raaathe panes everethenghdheivaspedt rajios s@sor s
may be sef g dif ferent ways as will be described hereinafter. In one
enbodi nent, a sensor device 30 is provided conprising a plurality of n
sensor el enents RoAcdeirding to the piesent invedticnh thasensg onties Sp,e81, .. Ser oBtbe and

wherein n.is an integer > 2. As an exanpl a sensor ,devi.ce 30 .according to
the i nverdiaRt PSPl AEBrraRER - BryorBing} soind Glee e R BRUTTET ( he
sensan deyjse. SO drd dHirgd a8 tenlopecofthe ii6as clididctRistienTeacteeaiBlemeR Ry, R, R2.
The systemis fed by a current source 3 1 and the output voltage is

measur _ed%jn' v I]%e"trﬁ‘fsifaﬁ‘ég’st[‘%Foqlf’}‘(épgc,‘ﬁ]taf‘%‘?fp‘ps gi’f %c%g? _1':>§Rcc'cﬁ GRS t he

i nvent i ORpagB@fdkeifN SRMefls RIERY, . RR,., RhoullRRadasdi et sEi@hity, ¥l WRES J@r sus
field or current characteristic, as is illustrated in Fig. 4, which shows

the i ndi Vi EmPBERaticsum dpllintvidia sigpalntakenor e ovipehefithssarenr deyice B0 - Each
sensor el aneft 1oR%honMnear Iﬁéﬂmb&%ank,wgaﬁas%etbgfa&&sﬁ (RIS SWWltl&llnngl&Firéé)el ow

their saturation fields H, HZ2, H3and beco saturated at"fie ger
t han Ifhedke fickd meslopiscalei quiaig:linperechenaetibtistic quhwg, sseshewn icFign@sheul®Rbe Ri, R may

be desig . SYC t el I I es] f.1 el re . e andt hei r
ol rearorundehy bt e RELER LR, 8L e Shds o A SRR EERES (e
present iinslightly boweds whath i$ dum tb et doavearsjuafronesiest tanegscaknHotvbeat, 8adh sensor

S M RN RE R O TR S
guar ant e@&drmally rounded off near the onset of saturation, resulting in a smoother total signal curve
20 . and consequently 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 field Hy 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 Sq (sensor Ro). Therefore, this part has the steepest slope. At a field from
H, to Hy, Ry 1s 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, R, 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 Ry, Ry, ..., R, i1s mainly responsible for a



For, for exanple, TMR sensors, equal resistances may be obtai ned by keeping

the area of the sensor elenents Ro, Ri, ..., Rn-1the sanme, even though

t hei r aspwotecaisdmas can be different. According to the pcegBrisHszsenti on,
the sensitivities So, Si, S... Sn-1 of the different sensor elenents Ro,
R, ..., Rn- | formng the sensor devicg) 30, which sensitivities So, Si, S

... Sn-i are defined as the slopes of the linear characteristics of each
sensor elcemaimteghent &Riwhich. it hasRne best-flushsidaty. Fdwyart dpeinfabthoew ofghe skakntsnshi p:
So>Si >S2>, . . >S n-i,. .i..e..each of, the neti c. sensor, el,enent s R, ...,
R shodteeRRVESasitYiDY &5 BRtensd s 30 T o6 AT SAL AT AT TN SR hpor  ant
t he sum @btadlel obétdbMrslWidtadss.gnal s taken on the output of the sensor device
30 nust fit to a non-linear, or npre_inportant, étg a quasi-lag function
(see Fig. 5). Wenlngréyte abaipadog fuariipm i thy quigt et sonser ¢yiee b0 @Rdar

char agt elgh3bi Qembllt ¥§; RS, S0QWst RavElaliefifod sSRGWiE) fesoBt aidledecAseccan be
seen In Fig. 6, each segnent of the curve does not forma perfect |ine but
i s sl i ghtlege srovitivlitienhd, Shh S2s- Bueare addef ap.cbenmans be welllivlked torpaelr anogher.og- scal e.
However, M i I i L cription, inreality, the

i ndi vi dua}% %#af{regésgﬁyi gf‘?ééﬁ%‘%ﬁ\l}éesg vg{rﬁggvrﬁglﬁﬁa[f}féygr%gunded of f near the onset of
saturation, resul tltisgupposad thaoatthesutpu bbb sesgriebice 30 adoganthnoofimegerent | y t he

real charagcteri.stjc curve i -scale pl.ot _ would be closer to a straight
li ne. Itt%ﬁ%gtftﬂn er\‘8#88’s‘ttslqgfé'g%efgﬁ%w?ﬁgel?)t}%perty of the log function, the
startiofield HO in principle cannot be zero, but may in practice be a very
smal | value of for_exanple smaller than 1 Ce. Wen studyi ng tfef) operation
of the sensor devi¥& @&Fla&H Fbystrated in Fig. 3 and Fig. 4, {{) can be
noticed that at the |lowest field range fromHO to H, the total signal is
the sumof all |inear slopes of the individual elenments and is doninated by
t he sensam whichlY isiike thiabsiel valagsiof theisensosdl is sharfadd torkpmeasped andz and b hj s
part has } : el | i d and
hance, 1 £ SogRBFRER: pohERRcubl Fhubleh (B ppA T G0 o R AR R e
The t16t alwillbeperforoed ife fibldissnsaralbiuyare adiloeitcddn dicldsentond. Hdre th teynotddehatecond
highly sensitive el enent R i Y Al I jeld range
where’ ar I aos AL RPEnETE s muBd rSaBpy I ofion X R et GhERRRLLL 1 Lon
t he t ot alThsisppabf ths cameé yt dngffleldeidéed by the signal fromRn.t and thus has a

sl ope of Sn-1 . By constructing a sensor device 30 according to
dV/dH = (ax loge)/ H; 2
20
It is required that the total signal of all sensor elements Ro, Ry, ..., Rn. 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 Rg, Ry, ..., Rq.y 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 Ho-H;), being the sum of all individual slopes of .
the sensor elements Ry, Ry, ..., Rq.1, can be expressed as:

30 - From Hy to H:

ST =S+ Si+ S, +...+ Sy = (ax log e) / Hy; 3)



this enbodi nrent of the invention, the total dynam c range of the sensor
device 30 is split into a nunber of segnents. Each sensor elenent Ro, R,
.., Rn. woisoemmbnby responsible for acertain segnment atrcwhBmios/nissdeas t he
best fit sensitivity. For an optimal choice of the segnments, the relative
sensitivity of the sensor device 30 nay;be quite constant and a uniform SNR
is obtai ned over several decades. In order to obtain a log function at the
out put of the senswhedlgvifiekl i8Grges @i 5 aing emakdr ey, Re,firfliclement Ry Bn- 1 nust

have a defined sensitivity Sn-| - Because these sensitivities
So, Si, §“mawd'§WtopﬁﬁP@aﬁﬁﬁéﬂmﬁﬁa“Fﬁ§§Sﬁﬁ?? U% well |inked to each
anot her. _Her ei naf tgom @, 4@y, for defining these values will be discussed. It

i s supposed that at the output of a sensor device 30 a logarithm c function
is to be obtained which nust satisfy the followng relation: V = (a x |og

+ B; (1) in whi té tgt _ vqkt age of the sen His the
fleld?to be measurge}:h §H6§h Znd b A i%gq&%?/g%eters of the fu%@tlo
Equat i on (1) applies for field sensors Further calculations will be

performed for fiel sqrs, . bu not l.imted to field sensors. It has
to be not Hﬁﬂé%ﬁgdiigé‘Bﬁhggﬁbﬁﬁﬁgg%ﬁ@%wgn‘éﬁﬁﬁ%?”be repl aced by |, which
is the current to be neasured. The sl ope of the curve at any field His:
dv/dH = (a x log e) / H (2) It is required that the total signal of al
sensor el enents Ro : Rn-axldgel{ Hw equation (1). However, each
segnent of the tot§1+§?§har cﬂrvgwrﬁgtgg a sum of |inear charé%herlstlcs
isin fact a straight |ine and theref , inprinciple, they can only form
a quaeilog function. The deviation fromthe ideal |og function can be
reduced by addi ng pore_segnents thus b ddi re sen enent s

Ro, R, - .., Rn- Topdlzig 35%9128@ '&gtﬂ ugs awﬁtthqrgt%aeggﬂhéapeﬁ atanf %ﬁ'e sl ope

of each grgwRAt r&h thd@nlotal signal curve is approximately equal to the
sl ope defined in equation (2) at the start field of that segnment. Hence,

the sl ope of the first segnent (frontHo H ), being the suntof al

i ndi vidual slopes @f _tshe,sansor, el enent v e n be
expressed as: - Froﬁtkb ?O%ﬁl g ngg &ggqbt S2 +.. .+ Sn %? x log e) /
HO; (13)Wien the field is Iarger than Hi and smaller than H , the first

el ement |§9m1]lasr to equation (5), equation (6) can be written as:

xlogex S,
Sy +.+8, =2 08CR0 7
AV + S Hy

20  Andsoon...

In general, a system of n equations is achieved:

< axloge

Fori=0: 25k= TR (8)
0
n-|
axlogexS§;_
. ) S, = """l

25 Forl<ign-1: Z, k AV +S,_H, C))

This equation system has n unknowns, i.e. a, S,,..., S, that need to be

solved.



saturated. The total slope is the sumo f all slopes, except So: FromH i

toH: S=0+S, +S2 +...+5n. , =(axloge / H1, (4 Wth H=( DV+S
oHo) / S o,wonosdnschoequati on (4) becones: S1 + S2 + ... PCHIB2005053306' ' AV +
SOHO FromH2 to H3, both RO and Ri are saturated therefore their sl opes
SO and S i disappear fromthe sum SS 2; 0+ 0+ S2 +. . .+ Sn., = a x
log e/ H2 ; (6) Simlar to equation (5), equation (6) can b e witten as:
And so on... In geﬂgstaitr,acmgs:ylsteqmtioﬁ fromes vt cquasion §.eaeduagvei!:— equandmigex5

f i For Ih 0. (9) This equation systemhas n

unknowns, ! }ée foﬂowmgleq“a“"“ can {’f‘s"'%a‘iled that need t o b e sol ved. By
subtractlng one equation fron1a next equation (i.e. equation ith - equation
i- 1th), the follow ng equation can be obtained: and S, (wwthi from1lto
n-1) is the p05|t|ve solutlo@bof the follow ng quadratic equations: H Sf +|
+ .10, bo- L //S 0 %11) OPAV+S ,H( 1 11®romthe

soI utlons it can be sl@g t slope So is a pararreter whi ch can
be chosen and fromt hat "a" of the log function and the rest
of slqQpes (S1, i from1l- n- 1) may be uni quely defined. Alternatively,
paraneter "a" may be considered a known paraneter (e.g. a requirenent) and
So and Shaas;(hahd@&bar Moned) i errpositly songioaqfaid folswing Qpadimit dgbdtions:
respectively. Equation ( 11) nust be solved in an ascendi ng order, because

to solve S, one needs to know S1.i. In principle, to build a sensor device
30 which can cover |ower, detection, limt Ienent 0 st be designed such
that it has an as ki gh &Vp&&ﬁgbLéﬂggﬁgﬁzﬂ _y__iﬁgéﬁggioof ther
AV +S§,,H, AV +S,,
10 From the solutions it can be seen that the first slope Sy is a parameter which

(13 ,,

can be chosen and from that the parameter “a” of the log function and the rest of slopes (S;, i

‘6 ”»

from 1 — n-1) may be uniquely defined. Alternatively, parameter “a” may be considered a
| known parameter (e.g. a requirement) and S 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 S; one needs to know S;.;.

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 R, R,, ...R,.; may then have lower sensitivities Sy, S,... S,.

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¢ 0f 4% / Oe, which is
equivalent to 8x107 V / Oe. This is a typical value for a good TMR sensor. Other input
parameters may be: AV = 0.04V, Vo= 0.2V and Hy= 10e.

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

25  a=221x10% |

S, =1.3x107 (V/ Oe),

S,=2.44x10*(V / Oe),

S;=4.69x107 (V / Og),

$4=9.06x10° (V / Oe), and

30 Ss=1.75x10°(V / O¢)



sensor elenents R, R, ...Rni may then have |lower sensitivities Si, S2...
Sn. . To denonstrate the principle, a sinulation will be given hereinafter.
In this swoubatdsony it is assuned that a sensor device POTABIOFNBB® Si X
sensor elenents Rto R5 connected in series. The first elenent, Ro, may
have a sensitivity SO of 4%/ Ce, which;is equivalent to 8x10 3V / Ce. This
is a typical value for a good TMR sensor. Qther input paraneters may be: DV
= 0. 04V, V0= 0.2V 8neh tHOvalli&efor Helslpa§, exfiatcicanmed 0 thncalfuldtibhs,riekagl t s in:
a=22Ix102; g 1.3xtﬂ83 (V)S/ Qe), 82:.d2.44>_(IO4 c/ Oel%:,r S3= 4.69x10 5
(V1 Ce),o8angicsdthapihg stopey SeigySs VAR PVEELY 9583016, ABP{Oy Pately e BRACTHED I ues
for the sJfARQISOasiBe Shafed AhgE drank {chendetice S@IHOWetD, ARSI bk khdvablatep tHAE
noticed that the slopes SO to S5 vary over a w de range, approximately the
sanme nunb@ryieg the slepeiexer asvidhmngg/isanpacticgrigbatd! tiKal sensor devi ce 30.
However, it will bey [iaﬁwihdaﬁmacte?@ﬁc_ URY4IaRGsub P& e kPR e A ¥oiindBd-WirdRagcange s
in practice not at a trivial. The 1 ndividual characteristic curves arc
supposed wlichiaeser to prastiesd AcfigmaiHalfenctiphiscised to stinpleterthe chapacteristicenrves:
signoidal function is used to sinulate the characteristic curves: The

maxi mum sl ope (at x = X0) is a/ 4b. This slope wll be replaced by So to
S5 obtained fromthe above calgul ations. Fig. 7 shows the individual
characteristics of thé& 3ix seﬁsor el)emants So to S5. The total(sy gnal

obt ai ned by addi ng up al Ilﬂdaplwﬁduxérl signals is presented in Fig. 8. Wen
plotted in sem -1og scale (s€ Fi/b. 9), the total signal curve exhibits a
straight line, except for a slight bow at the first segnent. This indicates
that a good | og-function characteristic can be achieved. In this exanple,

the sgnsor device 3fe GABnRMPUbSEaP LIPS ixt/hP‘.: @hipgtaaéf/mwe Metedt9W, tslecades

of field. On the one hand, increasing sensitivity of the first Sensor

el ement S& ohtairled diomethd abdwe calanigbonso | ower decades, and at the same tine,
the linearity int ?1eg b?ﬁéﬁsctﬁé (rahdRJi&tal 8Iaracteristics of the six sensor elements Sy to Ss.

The total signal obtained by adding up all individual signals is presented 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, increasing sensitivity of the first sensor element Sp 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 Ro, R,
..., Rn1 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 ié
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 Ry, Ry, ..., Ry.; which may be
connected in parallel, as illustrated in Fig. 10. The sensor elements Ry, 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 Rg, Ry, ..., R, are similar to those as

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



the first segnent wll be inproved. On the other hand, adding nore sensor
elements Ro, R, ..., Rn-1 will extend the field range to hi gher decades.
However, wbene/@or9l i mtations for extending the dynam ecrapgesbsss@ot h | ow
and high ends. In practice, the highest sensitivity is limted by the

avail abl e technology. On the other hand;, for extending to the high ends,
addi ng nore sensor elements Ro, R, Rn- | requires a very |ow

sensi ti Vintay, R cROffe, msgm@rcomatéemedle&smgmfat@h@m Witcatstop€ bliayefor &Rsi tivity
woul d add nore conplication to the device structure and is not always easy
to achi eV@murHyagaigssexigraalfiytyroppees shoh e ferpeditie shadehier ei naf t er .

Al ternatively, in fnolBep lﬁvé?@i@hmgtth@%%wmro@ca@&u'sém&@tah@ﬁmgﬁéﬂ@ sensor
device 30 nmay conprise a nunber n sensor el enents Ro,

whi ch naflebbseosmnélcb@l! cisqs, el éﬁquged thasthi? pangisivitigs 8d SitrS:Fi §n| afohe Sﬁn@rsensor
el eneqt s 3 he t ot al
curregt |esﬁ%r%§|sdr eH aS ' aré b&ﬁ%g{:l‘?ﬁm@g ﬂel\’e%% %gﬁgge%s%g%% Set\%/)lt%%qg%)

Cal cul at isemsgivitgrS,sinS). LlSw tas @511 bé deshnebeslemﬁmme&ﬂ wmml‘ss Ro, Ri, , Rn- i
are simlar to those as CLissedf flrt ql? nt of tt

i nvention. The sen lberseﬁﬁ ' SRpser Vlce C@&%Wp‘f ®also be
connect edoitdpetiegsus aabli(@uatht) Braph, 1am%1@ay§>t®amobﬁn td@&: dnotrbst éfake | muni t y
agai nst external disturbances such as tenperature change. The present

i nvent i ofCHHEE leyr of the sensaelepels RoRicur Reht sensors and nagnetic field
sensqps. In both cases, it is required that the sensitivities So, Si, S2...

Sn.i of the sensor elenents Ro, Ri, ..., Rn-1 are being well tuned. There
are a nunber of vva§§MI§ma&umMsH4é()senS| tivity So, Si, S... sSn(13) as will be
described in the next sections. The sensitivity of a sensor device 30, i.e.

the slope of the linear part of the voltage versus field (or current)
graph, isn wmwﬁME,Laylsnh@m@iﬁnuﬂnﬂlbgﬂe@o feb@taﬂdﬂcﬁl@ﬁg’eaﬁ\yhdﬁenidﬂe%iéua% g | ayer of
t he sensor el enents Ro, HO (13) in which
MRex i s PEFReaRiiy m%%t%t%ﬁwt&ﬁé@gm&ﬁw %fft ff‘é‘5‘§%ﬁ§$ﬁ“a’(%d Ko is the

per mgabi |thé%1§2)ftroy}agdhgﬁht dYihd ®nlif€lagat uration magnetization of the sensing
mat eri al and i's the anisot rog constant of the sensi n&@l ayer RThe

ani sotropy of the Eleqmlwgomay@ ¢ gAnsinp dayseofdbe seapa plaments w., Rn-1
whi ch may, %f{lﬁrhg)a‘{){g allﬂﬁberm ] elql?efl Loy algElfitﬁ@@urﬁlog%s?b& a%%lré e Shape

anlsotropy crystallin anlsTro crystalline anis tropy is an
intrinsi ¢hq3qry)spdhnq/arm‘otrppue Tima tceyistadline amsotropy is an 1ntr1n51c property of the material,

which cannot be changed locally, whereas the shape anisotropy depends on the geometry of
20 the sensor element Ry, Ry, ..., Ry, and thus can be varied. The shape anisotropy energy

density Khape can be expressed as:

Kshape = = (1/2) po M2 (N, - -Ny) (14)

25  in which N, and Ny 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

Ro, Ry, ..., Ry, i.e. larger than several pm, the shape anisotropy can be approximated as:

Kahape = (1/2) o M2t / w (15)
30
in which t and w are the thickness and the width of the sensing layer of the sensor elements
Ro, 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



whi ch cannot be changed | ocally, whereas the shape ani sotropy depends on
the geonetry of the sensor elenent Ro, Ri, ..., Rn-i, and thus can be
vari ed. TWe 28ésape7iani sotropy energy density KShape can lpeTaBmossssees as:
Kshape = (1/2) UoM2 (Nx - Ny) (14) in which Nx and Ny are the

demagneti zation factors along the easy gxis and hard axis, respectively,
whi ch depend nerely on the geonetry of the elenent. For |arge sensor

el ement s eBaenfRiRy, Ry, - .., BN of by fedacing &ie@epect fada oS e eemsbr ¢temerdthRy, R1apeR,.

ani sotropy._can be approxi mated as: Kshape=.(I/ nmohvs 2.t ./ w (15) .in which
t and w a-HéO‘YfWéB@H?Q:&Wg 1soHaPY wﬁl W‘ﬁ?ﬂswlécﬁ%t%é'éﬁ??ﬁﬁn? ﬁ'&lﬁeflesﬁg’ﬁ%g’%ensor
el enent SnB@netB!pattems in tR9sdnsing @SRECt i vel y. To increase the sensitivity of

t he sensor "device 30 the anisotropy maz/§ be reduced b?/, for exanpl e,

reduci ng the | ayerTa fdcedepreibs soppitivhis tBefsbaney aniggfeopy of therenssernavsr ef dfent s Ro,
R s Risdsoffiofdhd RAWG! NIRLNERARARGEaE@b). ohaliBR, 3&ASCHe MAURM S D, R,
oI wever, "a to6 small anisotropy wll result 1A significant

hyst er esissnsangdemgrt[RodRis t .alRahi Eleeotdtiealtyn g mexineunp shape prisotiapy o Ksise ri/BY | ayer .

To decreasg, 4 he sensi.tivity, the.(shape)..api sQtr of , the seqsi ayer of
the senséf Vsl 'BHeRt ‘gﬁ%ffd %T?(Iy_.étl and ppnse uc%trlmy E"é%ﬁ‘naé@g%s?ao @f/?au?eg&x g)%%'rrjﬁl e,

decr easi mg t1hernobgtibalBf thidBeans AEOthe8hAFRALsoiShy d#h be varied d¥8r dbout 3
Theoretical Ly, _a maxi mum shape ani sotro% of Kshape = (1/ é) noMs 2 may be
obt ai ned dFGHENJPUE tisehnokpicaliranirgyentsyndidesices fkgpninimgl pesgiblefaterahy + Ny + Nz

=1) . 18heQifdioal bkring st aﬁi&m&u&%oae@ra?eﬁﬂicﬁl%g,qp%p@a&amng@mued over

about 3 decades. Due to technol ogical requirénments and desires |Tke m ninal
possi bl e chusiderably b sreadist.ons during structuring and maxi num al | owed | ayer

thi ckness. the br aghiiglvl 80AGLb, SODSTASLARY BEAERLLLbr i or nat ves

and subsi di ary neans t'he sensitivity o ered sensor
el ement s nuinbéred sendorsadensagiw tidrealista$sed hereiffiersensi ti vity of a sensor el enent

(see Flg. 11 and F i3y Snliaong) bEHae Ry - popm SHdRETE © T1eld

15  reducing the applied magnetic field (see Fig. 11 and Fig. 12). This may be done by, for
example, placing magnetic shields 33 in the proximity of the sensor elements Ry, Ry, ..., Ry.1.
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 Ro, 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 shield 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, Ry, ..., Ry 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 H,pp. 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



exanpl e, placing magnetic shields 33 in the proximty of the sensor
elements Ro, R, ..., Rn-1 - Such a shield 33 may for exanple be nade of a
sof t nmagnwDi200ammbAEPi al such as e.g. permalloy. The effeeCiruBressssds t he
shield 33 in reducing the applied field may be characterized by the

shiel ding factor F, which may be definef, as the ratio of the applied field
when the shield 33 is absent to the remaining of this field when the shield
33 i's presmbt clethéntRo/ Ry, €. JaNEs thhus eheplobadl tb la@esultintt fiekl MRS, 1, @at B th subhef

response of the sensor element Ro, Ri, ..., Rn-i without the shield 33 to

t he resp&h@é‘“@)HDt he sensor elenent Ro, Ri, . . ., Rn_i in the vicinity of
the shield 33. Using the latter definition, any direct effect of the shield
on the response of the sensor element RO, R, ..., Rn-1 is included too. An
exanpl e of the | atHes eweyHgor Hexalipi Nipe: Mheu T &Huc tNoom Mot Waios idpe

ani sogropy of the sensor element Ro, R, . . ., Rn- | by the mrror image
of thé sensor elenent Ro, Ri, ..., Rn-11i the soft-magnetic shield. In

or delr3 tgnﬁ wnﬁhﬁ?fﬁ‘emsﬁsmm atnlki\M;t;“Md reﬁﬂﬁ:ettlﬁdw ﬁjedldtt@nfagﬁéftﬁ{’nﬁqadfﬁyﬂ{égusé:gpﬂlf_ﬁy Thi IsI
nmay De done Dy T1or exa e tunin e geonetr 0 e snle is W
be expl aishdthepsartizationef thFﬁlﬁeldfg aawh&rzmr%sp@&ep%% e et dield Bebsi ew and
ol Mot ot RATo (PR alld RS AFALE D E RS UBRADN IR dnees il
33. The densibe msgaetisrsensor slinentRos st enRashatdhediparcedossds regjg®lsaForappl i ed
fieldn,Ha I ek t I s &5 tized
shi eICi cr%gzg{lég%ﬁ gnﬁgﬁ“ ZI r?éﬁ i 4?30?_\‘}}1 gtﬂﬁﬁ% I rec}%lﬁgﬁ&%%ﬁ% ﬁltbgﬁgglet he
magnet i z200@ mheddistae iberweel ﬂesbmkb% aidahesensdRelentint Ro, Ry, ..., RRnshouldsbet2us

aop sens " reg%% b S Be R T Qi e 1 = SLpH?‘pﬁ e ld Hi
shield %:hl eld mhe)ﬁemdumuoahe Nagfatigitidn ofthe&bm‘koﬁéideBIRO Rj,d..rlespest i vel y

are the t ctor, .the susce ilit he magneti zation o f
Fhe shi o106 POHeTHHERAGHE S Aot aGe IR SN Log ity SHiGe: PATuRe BFGOTH ¢ ho

shi el1d 33ienfegtiRf, iRON.. ( RE), ih SriPeKappkamadl byPREed ey 8bicab thedBiclS3 Palitht oned at
such snmal| distances fromthe magnetic sensor elenent RO, Ri, ., Rn-1

that t he mefigsetimiied issontinuounagsess dadothicldstopndapyriney bawsichthat Bixi et d 33 has a
wi dt h of _ nm and a susceptibility o f 2000, the
- H Qolieen By GO b

di st ance And the sensor el ement RO, R, ..., Rn-I
shoul d*be 20 nmor snmaller in order to allow the use of equatl on (16).
Happ__sens = Happ - Nshie]d Happ_sens Xshields (1 7)
20

This leads to:

Happ_sens = Happ /(1 + Nipicld Xshield) = Happ/ F (18)

25 and thus:
— F =1 + Nihield Xshield (19)

If the distance d between the sensor element Rg, 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, wqpielg, the shielding factor F at small distances 251d < wghiela becomes:



The field due to the nmagnetization of the sensor elenment R, R, ..., Rn- |
may be negl ected (accurate for a relatively thin sensor) for the tinme

bei ng. Beweus&/mbmosensor elenment Ro, R, ..., Rn-i, inpClmB2exasspée, nay
be placed very close to the shield 33 and the magnetic field is continuous
across the shields boundary, it may b e .said that Happ sens H sh. eid-

Hence, equation (16) becones: ~i ap p_sens ~ -Ha p p J>shield app Sens

Xshield; " ) This | eads t.+Nﬂ }) sens =Happ/ ( 1 + Nsh,e Id Xshield)
=Happ/ F( 18 Fa + N shle |Id Xsh el d ( If the
di stance d between thér%@ﬁﬁ@kmékﬁnﬁhWMB@ R, ..., -1 and tﬁe shleld 33

becones significant, then distance | oss should b e taken into account. By
approxinating the distance loss by that of a periodic magnetization pattern
wth a pq;* qugi % Q.twce the width of the shield 33, wsSh,eid, the
shi el di ng fact'dt E"Ht "sifd11 distances 2nd < wsSh , eid becones:p _ + shi el dX
shield 1+ pdNshi el %sﬂmaﬁbldaﬂww.)hitlm ndctﬁﬁ@ulawshihldl‘ils sﬂrp,relinhatedﬁ)g lah elliﬂsd (With| nel d.

When, altern tlvely, dis r.oxi mat ed l,I'i pse
(ot 1 Sa ariEe RioheFasdind iin oF e RCEmeR) Bt et o e RN B cea ti SRy 1 Com
expr essi gor taadiskfcedsss Fecdelalvely BiRaltlilistaRcts sthis AfsancE ks fs@l fadtoVEh Yesstiah |
di stances, this distance loss I.s a factor. 2/JI _less than in the above

appr oxi mak PSRboveApPER mationn fhe shigldipg factor Fahsmall ¢istapcesidid:< Wil Befysh e d
then readg;gsp _ + shield X shield < shieldX shield ' shield (21) It can b e
shown that expression (21) also holds for, for exanple, a thin rectangul ar
rod. This originates fromthe fact that the demagnetising field everywhere
inathin ellipsoidal rod g gvthe field in a thin rectangular rod are
opposite to the appried fi Bietd et i n magni t ude when hBhkgbd@&h eid"

1 Herl®e, both denagnety$Q@thw%hg%wﬁveﬂgagal and

It can be shown that expression (21) also holds for, for example, a thin
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

15  equal in magnitude when Nghield)shieta >> 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

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

H, 1
pp
N hicid > M, _; O Wishield<Wshield_sats (22)
in which:

25

Lshield

Wshield _sat = H_ = _1 (23)
app
M; x

and wherein Whieid_sat 1S defined as the shield width above which saturation occurs.



consequently al so the charge densities are equal. Due to equal charge
densities in rectangular and ellipsoidal rod, also the fields outside the
rods nustwb 2e0@gumab. | n the above calculations, it is asswnBzhos/hsstod he
shield 33 is not saturated, because when saturation occurs, susceptibility
becones zero and consequently the shield effect disappears. The condition
for not being saturated may be given by: 1 app 1 ~shield > - O W h,eld <

W h, el d_sat, (22)whbn theirédustidrCot: the ddrmghahsdngwf&bitﬁb@lens&telém@mom(23) s X
and wherel n WShI eid sat is defined as the shield wi dth above which

sat ur at i &n Gueiortac wrfesiopipd thesaior FlsmertiRor Re - defmghéls softrmagetieshicld fle sensor
el ement Iaﬁoenlﬁiteaccount thcaﬂelkhn‘éli?ct&l@ Ih@@ec?tﬁfs.l ection Of the sensor el ement RO,
R, ..., Ri-1in the soft-nagnetic shiefd is taken into account, the

shielding factor F then equals: r = + N sh,eldXsh,eldy ( 4 d wsensor ) H

denD+ HK 4 | + (2d/ ws h]{,eld ) Nshw&ag sh Iﬁld Hl_pem+ H k assum ng
that d < wsensor /Epc—&ndl—t—h-‘é!ﬁ%#ﬁ—e—w O " fag)and

wher ei n:  Hk=2K/ ( nOl\/B§+Q2§E§)”shlelm) Whitichniddk i S tﬁeemaﬁtHsmtropy field of the
sensor. For a sinple sensor elenment structure applies: HdenO= (tsensor/w
senS or)M s_Sensor (26) In equation (24), the nunerator of the first term
descr i besasduliing thel O wegiie4n, afd fhackpds thlidStl.0c>al hadeviehdel d 33. The first
denom nat or describes the reducing effect of shielding on a |arger

di stance. The second term describes the reducing effect on shielding due to

decreased shape anjjsoi/opyPf the sensor element R, R, . . (35Rn- | For
sensor el enments Ro,
10

in which Hy is the anisotropy field of the sensor.

For a simple sensor element structure applies:

Huemo=(tsnsor/ Wsenso)M semor (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
shiclding 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 Ry, Ry, ..., Ry in
the sensor device 30, separate shields 33 with different shielding factors F may be required
for the different sensor elements Ry, Ry, ..., Ry.1. 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 Yshiela = o, 3000 and 1500,
respectively. For each susceptibility (o, 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: tshieid = 2 LM, Ms_shieta= 800 kA/m, d = 0.1Um, tsensor= 0.005 1M, Wsensor= 5 m,
M sensor= 800 kA/m and Hx = 400 A/m.



R, .. ., Ri-l with a free |layer having a thickness of, for exanple, a few
nmor less, , this latter effect nay usually be negligible. To vary the

shi el di ngvbaodenrsoFiof or di fferent sensor el enments Ro, Ri pCcT/i1B2005/0383866 | in

t he sensor device 30, separate shields 33 with different shielding factors
F may be required for the different sengor elenments Ro, R, ..., Rn-i- It
is apparent that anong different paraneters that influence F, such as for

exarml e thi ckness FthlfHd%ndx&Uﬁﬁlﬁ&’éitlm dhidly/33 fshi@t Windthios, tRE adsiiBeFRISO56 €l enent s
Ri | and the shield 33 are the easjest gararret ers to change

from a f&bfmé‘éq(h%m%w%a%ﬁrw thig ficdd efue e shielfd 33118 nogsatusatgdhpyhen the gi ven,
in which ctor or cSh
eid = :ﬁ)gg Wﬁ%q §Mar£ gg"e]desé‘tﬁvgl ywogglﬁeeéggﬁﬁﬁlgﬁihéggg |SE{QI | t‘@f ‘\(Ivbld%%}é% and
1500), ' t edesbi tehgi ngsll&a)btamabllé in 8 coatotiablamag, Witlout the itftheess ofisheld wi t h and
W|tho refI tll on effect. In the calculation the following is assuned:

t shi e su IEXAT FYTAM= 800 kKA/m d = 0.1 nm tsensor= 0.005 nm
vvsensor- 5 Mm M sehdahtage SORis udviivdas thathoitk a 40 i\tombinationhe tieahitld i on
where the shield 33 is not saturated, the assuned Happ= 56 KA/m (700 Ce) is
of i mpor B8RTRRTY the phiglAing factas|Focap gpsily bermeads fndependsnt af gsmetFos shititodedBienhen” t he
shield than wshieid sat = 29 mm For the 2 mmthick shield a
shi el di \rllmglgq% gecc%%?}yqﬁét he order of tens is easily obtainable in a

controll able way, wi thout the influence of shield susceptibility or

saturation. An adv. e of this thod is W|th a certai onbi nati on
of tHe shield geor@fﬁv%gﬁ‘ &/ YHpsT aﬁ@“dﬁ%‘f/gfh‘egﬁ%:an easily be rrgzcyé

i ndependent of cSh .eid. For this to be true, it is necessary that: 2dN

sh, el dXshie]d/w sh,cld = 2 d t sh,eldXshiel d/ Whield " 1, (27) so that F =
shleld cS¢U#f ser,sor ) HdemD + HK | a demD + K In Fig. 13, this situation
occurs at small values for wSh ,eid, for exanple below ~10 nmfor the upper
set of curves, at which F is not significantly dependent on the shield's

susceptibility. He?c w Yy us(mgw?mg;a)giﬁ@;,d ¢ Ishield 33, depending on the
shiel d geonetry onf'y~ ", Hgo+Hy (28)

15
In Fig. 13, this situation occurs at small values for wgnicig, for example below
~10um 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 shicld geometry only
20 by choosing a sufficiently high but still practically realizable permeability, the sensitivity of
the sensor elements Ry, Ry, ..., R, 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 Ry, Ry, ..., Ry.;. The conductor line 36
25  generates a field at the location of the sensor element Ro, Ry, ..., Ry which is proportional to
the current. The field generated at the sensor element Ry, Ry, ..., Ry is inversely

proportional to the width of the conductor line 36, assuming that the distance between the
sensor element Ry, Ry, ..., Ra.1 and the conductor line 36 is fixed. Therefore, to reduce the
sensitivity of the sensor element Ry, Ry, ..., R, one can reduce the field applied to the

30 sensor element Ry, Ry, ..., Ry 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.



by choosing a sufficiently high but still practically realizable
pernmeability, the sensitivity o f the sensor elenents Ro, R, ..., Rn-I can
be reducesoabeutsoot o 2 orders of nagnitude further in a&cruBlopsossasée ol | abl e
way. In current sensors based on the nagneto-resistance effect, a conductor
line 36 may be placed in the vicinity of, a sensor elenent RO, R, ..., Rn-
1. The conductor line 36 generates a field at the | ocation of the sensor

el ement Ro, Ri, . The sendiivily dmlseﬂﬂsot Slerlﬂémmr Rj,0nAR, tio cisBf & i@ bensdine fiel d
gener at ed at t he sensor, ele i nversely

propor t | S¥Ibefiytheneediipedity SBPE‘Pﬁ éhecCHFfB‘EfdPtBra nugrher @6’” %EW\‘F@‘OP Rathst he

di st ance  QghyeeRh LK o%%?ﬁt‘ﬂrls SR 1159 cldsk to the sens&Eldm@R e, tH1e. .crpduct or
line 36 is fixed. Therefore, to reduce the sensitivity o t he 'sensor

el ement fbe currint that flowspear thesersorelameRacR» t helfjietharefgsp Fadueeds eausing asens or
el enegt , - | I hep conduc dth. The
mrdenrngR%PIBLéﬁg%% J%? erFh@¥§§k§fﬂ?ﬂ&FE“§%rreﬁ? %g%g%%%&ﬁgg t he sane
pur pose assitivéy ghihe thta:BCK:uhnntriamdmddchﬁd airgnsthatftove, nearsthel emsor dhaaendBave. The
sensitiviit y of, a_sensor ment Ro, Ri, ..., Rn-1 in case of a current
sensor e F U SFXPEﬁhﬁéﬁ by splitting the current into a nunber of
paral l el conduction paths, anong which onIy one path is allowed to flow

close to the sensor ele nt/Q?, R. . ., -1 The current tZgé fl ows near
the sensor el ementlsRey = IRpasured '+R/Eh$ﬁ$s therefore reduced, I ng a

redugpi on of the freld applred to the sensor elenent RO, R, . I
and therefore its sensrtrvrtg@to the (total) current is reduced The
current thhich Lowsalfdansedise e suBentefleyingn the progimity of the senspr qlerperys Roe

expresseq as: pl | SRNEOLotaf c(ﬁfrélﬁ W Bashrel, rlesp'Echély @%d%ss) hrd(tB®) i n which

| sensor and TmBasure d are the currents l'owi ng in th "Proximty of the
sensor elresmstancesRyd theRionduction path firpt flowg eh tﬂlh proxghigy okcthe rseemr demdneRpydas ur ed,

respectlvel ’ rc the resistances of the conduction path
that {1 ove T a?ﬁ%g°m¥ﬁ?§§sé?“t§'h i i

€ proxi e sensor elenent RO, R, . . ., Rn.i and
t hat 16f the by- paskhis mathed hdhmschnieichmehohagthnthie previous matiiod ofuding 4 welepr evi. ous
met hod of usin wi der current conductor. According to different ,
enbodineﬁ?%mgngﬁ@:fnventlon any one or a conbination of the above
di scussed ways f OrA&drbelﬁ@totd’llﬂ’erSﬁrt&ibeNﬂehié FltheAinB@Mis N ang os®d RO,

combination of the above discussed ways for tuning the sensitivity of a sensor element Ry,
Ri, ..., Ru.1 can be used to obtain sensor elements Ry, Ry, ..., Ry with different sensitivities
20  on the same substrate. The sensitivity of the sensor elements Rg, Ry, ..., Rn.; must be well
tuned according to the calculations above so that they result in a log function characteristic
when their signals are added up.
Hereinafter, 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 In a first 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 Ry to R; 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



R, ..., Ri- | can be used to obtain sensor elenents Ro, R, ..., Rn-i with
dlfferent sensitivities on the sane substrate. The sensitivity of the
sensor elwoende4bRay Ri, . . ., Rn-1 nust be well tuned accaBtiosgssses t he

cal cul ati ons above so that they result in a |log function characteristic
when their signals are added up. Hereinafter, different exanples concerning
the ways to tailor the sensitivity for both nagnetic field and current

Sensors afRt B &EeNtetat gl diifthreent oBuarp HE «atd ressict Rest iRyor@ans of TWR
sensors. However, it shoul d he understood that gt her t pes of

magnet or &2 chtaiyiag anpRisnal iearithmic seRsgr. &y wes abwadydsseriied aboiveh as for exanpl e

GVR or AMR-based SgnsQEshd eﬁhrﬁ?l@wﬂibﬁ fﬁl@dﬁ*atcﬁ%?igblﬁtl?@&ﬁ%r deapd 3@ir ati ons
for magnetic field sensors w descri bed. first exanple, a sensor

devi ce 3Gimitay tehabirit sxanipderbubeltpsaymase eqmé@rteéemtalﬁ) tRR;wirydts salitgnioennect ed in

S e ri eg ( %ﬁ%bgj & sag‘-g%mteﬁtg th){]‘L gt§§ ﬁéﬁ?{}l%i it lga?,f l?)er %II {o/ beOlIndER%O§I at Rlbot?ére ment s

Ris varie ave enf sensiti Vi
aI I have etribedismne acasdisg anbe infvantiongthe shbh-eleshents Siayatso BeRosenedin slriesrent s
wer e assqrr%r‘f t he, sensor _ar ﬁgasrrust be resi stances are
ébx

obt ai ned ol RN ER O B e aTE e R saib e 2o i S kR R T v

| ogari t hih@ R$E8EKting afatWest @elof dibyschlds Cleinbe R3 BOR givesmercIREMIM oL xanpl e,
which is illustrated in Fi the sensor device 30 is simlar to the

first exé‘t‘Pﬁ‘P%senﬁU‘(“)b‘ﬁ@ aga G%%@%W@é&an@) sinpipreorslyt bhersabrglgments Ripprd i nto a

numbgp ofg Qfe%lﬂﬁﬁﬁ% $atOBAR ChEHmMERiRRI BREARE thel shmBaSurahONEVESs reh@irdde
understoo hat in other enmbodi ments according to the invention, the

sub- el enend therpfgre Mesybistemenirbc eebiRi“meedequekshappanispdropyanpl e gi ven in Fig.
15, sensor el ementyRipf g e?a%#ﬂlé %1* IHL cc RAdkdsbls ﬁ%a‘?i'végeﬁhémﬁly m@nek R

Splitting of at Ieast one nsor el ements I'ves “nore freedom
of tuni ng/asehls,}{ mlamng ghlfsldﬁtﬁhheang ﬂl(ﬁﬁeremumai@ng @mfé,amdwe)pr@qlmuy phthestrsbry. The

sub- elene ts Ri f have |de caI nS| ns because
the same Sat e?t‘)l IR See &pl@ ?netc%w re 3S‘freéerme orlsé0 eﬁlse% S R'

and Rs" rdéﬁdlsmsla‘ﬂorﬁlhﬁpEhe&'ﬁstsaisbﬂﬂymeﬂtIRoas ﬁdushndldeotaéqaha mdcoimgtetﬂina: field
sensors, alternatj.vel Sn3| | Vi @_}gt ?neﬁg/lf be varied by placing shields 33,

havi ng diPFPENdmEenten 1 avsh §yedhs b KL-proximty of the sensor el enents
Rto R3 (see Fig. AQ)eferkddl doRtigure@§elot HhagRR Alel®icas®nd Slubldtdd aRafeitthave t he

Sare example in Fig. 17. This example is the most practical 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 R;. 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 R3 connected in series (Fig. 18). The sensor elements R, to R3; may have different
geometries thus resulting in different field sensitivities. Under the sensor elements Ry to R3
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 Rg to Rs. 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 Rg to Ra. It should be noted that for a current sensor, there are two
different types of sensitivity, i.e. field 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.



di mensions. Normally the first sensor elenent Ro is not shiel ded because,
according to the present invention, it nust have the highest sensitivity. A
pr ef err edwoanddgoriati on for a nmagnetic field sensor is ipciruBtsvsdias a
fourth exanple in Fig. 17. This exanple is the nost practical design
because it conbines both variations in geometry and shielding effect, hence
gi ving maxi num freedom for tuning the sensitivity of the sensor elenents Ro

to R. Sphd falib &gngfvoﬁégmuﬂéﬁmrthﬁ firdexiriplél @B senb dlenfenisTE, 16 BS A hawanpl e
ed inthis exanple. In Fig. 14 to 17, reference nunber 40

may al sotd%gepl i ]
denot es reiE gepIRgriesAscam be sadyom Bignt®- exanpl es of possi bl e configurations
for current sensor$palfsdlasatd ﬁ?@luﬁﬂﬁedih'g‘(i)’gs.twfi’st@xq%lhﬂo'ﬁ&&ensjo?déﬂcezﬂooﬂ h a

first exanple, the sensor device 30 may nprise four sensor elenents Rto

R connectteaifiishexsmplegbut (% width &) the Findugienisngr3 bghanentasieRat differRa!t logayionsave

di f ferent onet i . i i i i nsitivities. Under
fhe Sgro geBREA befRl RS Lihidd o Aftclol bl 6 RS B, SHRShbAAdEST, (Do
const ant thd diriations imaeatietfylandgotidvetoe ling eith pivcdmomdasdomrdor(ta@ngthed by

r ef erence nunber.Sg&,. ﬁge conduct or Iltng3 36 generates a magnetic field at
the | ocatPBRRLSFISHYEY OEHe SPnsef SRS RRIG RS R3. "Fiel d val ues at different

sensor el enments R InG d8redt Rndohdeded®) adch@ingfto b ehitdexamlel @BlcuseIsd bd Vity is
only determ ned_by the gf,eomatry of the sensor elenments Ro to R3. It should
be not ed "g3a¢reqd &8F may bepilis pito sised parallgl cprdugiion pajls, ealled by-@ass uyrprPaty -

sensiypi Vishyat the Beatioh SF & 1880Shd de¥idr ¥lehRnd Ko RE Rleld thé Evrddt sdnfiBivideR&as to any
applied field, and current sensitivity is the sensitivity of the sensor to

t he cur r dabe vory soalkamone ahich ondy eneepathallqves 18 ithprrapxipflytod ghe/ demangdior 1 n this

first ex e - i tries
as' can' baPBuaol het e Bb G RHRCSa Ml & {0 it S B AFRE 167
simlar tthe byhpass eursnt pale 97 ovy Poefahblybe Iddated it @diffieEneintdsernnedideval sitthatof t he
conductorthlépe 36 r‘rP‘)ﬁ bglo¥easri ed at di ffq{ent | ocations, resulting in

di f f er ent™§ PEF AR SHIF SFO{YICRYEPERY *0dhsor el ements Ro to R3. The
conmbilsati on of t helnvafousl exansplé,a cgmbimatisryo fgrdmenydoaduator widik and dt h gi ves

nore freedom.for tuning the current sensitivity of the sensor elenments Rto
R, I o Bk v b heRB O S RSO B TP ar SRARGHEPIE FE cur r en
to be neapltiag s&QorBidmdde BPbIR; ak Ma® dsaMeidah tRaenkd@kampB o teinign@at hs,
cal |l ed by-pass current path
“ficld sensors may also be applied (not shown). '
In Fig. 18 to 21, reference number 40 denotes the sense current.
20 The above described examples are not limiting to the invention as it can be
understood that also different combinations of sensor elements Rg, Ry, ..., R,.; may be
applied. Furthermore, the sensor device 30 according to the invention may comprise any
number of sensor elements Ry, Ry, ..., Ry.1.
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 quantity
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



37, at the location of at |east one sensor elenent Ro to R3 where the
current sensitivity needs to be very small, anong which only one path flows
in the prwwiidgotond the el ement. For applications wherepc@iBabsinszadd on is
used, such as for exanple for integrated current sensor, the by-pass
current path 37 may preferably be |ocatgd at a different interconnect |evel
so that the lateral area of the whole systemremains small. In a fourth

exanpl e, tid ey, ON..0fS, gepiBidelic seoncilchats RY, ®, h. arg, mhy @dedi ng is used.
Furthernore, splitting the conductlon path as in the previ ous exanple and

spli tti ngccortingio thy Wiyeon iepbialg aenses Wé%e hgving 38 SulPut Henah shavdbnd aUaskanpl e

of the ”Bgéh?trélgtlJnklﬁb HeHRAPAE Scrl¥BYsiMaP dBe ARRH IO RO SR Propehtd), 6 9. 18
to 21, reference nunber 40 denotes the sense current. The above descri bed
exanplese&m@ﬂﬁ@nwmwﬂQﬁﬂﬁpH%ﬁmmke|nvent|on as it can be understood t hat

al so different co ggg; i may be
appllgd Furtherng?gng%@ﬂgg%%gﬁﬁgégﬁggkg) accor |ng ntSs%lfﬁﬂventlon nmay
conpri se cmsyructumaend afnfigemsars, & wdbmmatamqls lﬁaye been ;thmsdd hEn@n ﬁc&rdsmpeSd evi ce
30 according He i nventign can. exﬂgb dqe { gtlgﬁ@ ﬁ]b%}meen t he
sensor sPHY m%ﬁ?cf t HESbEEFT RN B nﬁ%?d’ﬁ éIfo (o '%Ifsdn &Rt % be
measur edbe ffade $@ASQ depbetiigCleom heae 6 ahidririt of thivenvenviemt i on may be applied as
di screte magnetic field sensor which can sense a wi de dynani c range of
field over several decades and as discrete current sensor which can sense a
w de dynam c range of current. The sensor device 30 of the invention may
furthernore be applied as integrated current sensor which can sense a w de
dynam c range of current and in any application that need to sense

noni nvasi vely a current which is converted froma quantity to be neasured
and this quantity varies exponentially e.g. with tine. It has to be

under stood that the exanples given in the above description are not
limting to the invention. Any possible conbination of the described

met hods for tuningthe sensitivity So, Si, ..., Sn- | of magnetic sensor
elements Ro, R, ..., Rn-1 may used according to the invention to obtain a
sensor device having an output signal showing a quasi linear relationship

bet ween the sensor signal and the |logarithm of the neasured property, for
exanpl e a magnetic field or current.



It is to be understood that although preferred enbodi nents, specific
constructions and configurations, as well as materials, have been discussed
her ei n f owodeswiaesvaccording to the present invention, PariB2®5/03aNYEs oOr
nodi fications in formand detail nmay be nade w thout departing fromthe
scope and spirit of this invention. CLAIMB: 1. A sensor device (30)

conprising at |east two magnetic sensor elenments (Ro, R, ..., Rn-O
connect edciAiMeries or in parallel, each magnetic sensor clenent (Ro, R,
..., Rn-O having a sensitivity (So, Si, ..., Sn-O wherein the sensitivity
(So, Si, ..., Sn-O of each nmagnetic sensor clement (RO, R, ..., Rn-O
differs fromthe sensitivity (So, Si, ..., Sn.i) of any other nmagnetic
sensor elenent (RO, R, ..., Rn-i) - 2. A sensor device (30) according to
claim1l, each of the at |east two sensor elements (Ro, R, ..., Rn-O

outputting a sensor signal over a range of a sensed paraneter, and wherein

t he sum df each of Atshﬁsosem&r(w)u@ﬂ@lnsmgfat leh tvid mh@asit séndbr a&ﬁaﬁi {F,, sensor
el enents (R Rn-1) fits tqQ a naon-linear function of the sensed

0,
par anet er loveanﬂ)rfé’nP%ﬁ*@éné‘F“etsﬁé%l@l‘@](‘}F cgdvresacggnsorslement GysBr. - deli-de (30)
accor di n%a%‘%lg‘ﬁ'séﬁsm\'?t e[ ei ng t e, Ry, {h'e@%l’twﬁtyr(‘@t SP” '§ 1?09&&@1?' - log
function. ” A sensor device ( 0) according to ¢ Wwherel n each of

t he at Ié%ﬂetﬂwnmghmcht(&e&xsor, Rol pdifliatssrqnRehe SRiSIUVlty (So,ﬁn O hayefaiye sane
geonekry Vi C 30) according to claiml1, wherein at
Ieast%one%% m%gilg&rgts ?Sgg\%l;éﬁﬁgﬁ q{ehet’?égsensor el ements (Ro, R, ..., Rn-O
has a different geonetry and size. 6. A sensor device (30) according to
claim1l1, wherein at |eas f the. at Ieas sensor el ements
(Ror TR 2 o R e b ack b Re s8R ) ok RE R IR e R and R )
connect ed;lmneqm Rt hQIR J,mmnaig ®densor siglﬂal&ﬁzbt £fangd of aoseﬁﬁﬂé‘p@fanfé%ﬂ 4 (30)
according to.claiml, ggrmre (of0) %ét?ll a conductar |ine 6)

posi t i onetheTREF S‘c“ﬁé’fai‘c £ se{%ﬂ%ﬁﬁ & adlett o '@Pﬁ’éﬁﬂﬁﬁ%‘s?rﬁé@mﬁm

RN-1i)108. (R, FENSOR,, BNtk €Ra ActQlinedEfREHnN thedschdcdiptathetel UdriRY AREEOGREPT | Si N
a conduct or I|ne (36) positioned under the at |east two magnetic sensor

el ement s SERET dggice (30).  Rn- O

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

15
4. A sensor device (30) according to claim 1, wherein each of the at least two

magnetic sensor elements (Ro, Ry, ..., Ry.1) have the same geometry and size.

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

20  two magnetic sensor elements (Ro, Ry, ..., Ry.1) 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 (R, Ry, ..., Ry) 1s split into at least two sub-elements
(R’ and R,”’) connected to each other in parallel or in series.

25
7. A sensor device (30) according to claim 1, furthermore comprising a
conductor line (36) positioned under the at least two magnetic sensor elements

(Ro, Ry, ..., Ro).



9. A sensor device (30) according to claim7, wherein said conductor |ine
(36) shows a different width at the position of at |east one of the at

| east twowomgewaldmosensor elements (RO, R, ..., Rn-i). pt@iBHosesssar device
(30) according to claim1, furthernore conprising a by-pass current path
(37). 11. A sensor device (30) according to claim1, wherein the device
(30) furthernore conprises at | east one nmagnetic shield (33). 12. A sensor
device (30) accor dArsglsbodmflicai(a@)mcord\Mg teeclains &, fdrtiegpuet dotpsibinghd (33) is
placed |n t of at |east e netic.sensor elenment (Ro, Ri

P Pynducigf g Pls) NP ke s f s TR0 A bGP A aeieREnt 30) , the et hod
conpr|5|mngQrOVRQDng at | east two magnetic sensor elenents (RO, R, .

Rn.i) connected in series or in parallel, each magnetic sensor el enent (Ro
Ri, . ., Rn.i) having a sensitivity (So Si, ..., Sn-i), whereby the
sensi i Vigty (S0; Sh,sensor devRd($0)Qkccdriifie & clhi@$ whein %@@&ﬁh&oﬁm@g) el enent s
(Ro, R, Rn-O is set such that tﬁe sensitivity (S0, Sn- O of
each nag rﬁbQWSCa difaeor Wéllﬂewfm pagition ef 8t legshena ¢fdhesetdenst twej Itla,gné@‘osen&r .

Sn- O of gﬁﬁl?f t magneti c sensor elenents (R, R, . . ., R-O 14,
A nethod accor g'to” c n113 wherein the sensor device (30) is a non

| i near sensor device. 15. A nethod according to claim 13, wherein the

i h h d
A ot hod tecor o ng el S 13D bR aBim | RO ERaPErOe VPR, s

., 18n- leprrexft phthg3at | east two magnetic sensor elenments (Ro, R, ..., Rn- i)
is performedby changing the geonetry and/or size of the at |east two
magnetic sensor elenents (RO, RL, ..., Rn- 1). 17. A nethod according to

claim 13,j1wherein A%éﬁsbﬂ@evﬁé&%%%@%rﬁhg't& Maihso,w&lrem the-devieb(F0pf the at | east
t wo nagnetlc sensor el enents ) is perforned by splitting

up at Ieéhm‘ﬁﬁ@fépﬁwﬁgmétbP%&§Q”@%ﬁ“ﬁﬁ@ﬂ@Kﬁ@ sensor el enents (RO, Ri, ...,
Rn-i). 18. A nethod according to claim 13, wherein setting the sen3|t|vity
(So, Si, ..., Sn-Oof the at |east two magnetic sensor elenents (Ro, Ri

, IRn- ®2i s per f oAgengor 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, ..., Ry.y).

13. A method of manufacturing a sensor device (30), the method comprising:
- providing at least two magnetic sensor elements (Ro, Ry, ..., Rn.1) connected in
20  series or in parallel, each magnetic sensor element (Ro, Ry, ..., Ry.;) having a sensitivity
(So, Si, ..., Si.1), whereby the sensitivity (So, Sy, ..., Sp.1) of the at least two magnetic sensor
elements (Ro, Ry, ..., Ry) is set such that the sensitivity (So, Sy, ..., S,.1) of each magnetic
sensor element differs from the sensitivity (So, Sy, ..., Sn.1) of any other of the magnétic
sensor elements (Ro, Ry, ..., Ry.).
25
14. A method according to claim 13, wherein the sensor device (30) is a non-

linear sensor device.

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

30 logarithmic or logarithmic sensor device.

16. A method according to claim 13, wherein setting the sensitivity

(So, Sy, ..., Sp1) of the at least two magnetic sensor elements (Ro, Ry, ..., Ry.)) is performed



by providing a magnetic shield (33) in the vicinity of at |east one of the

at |least two nmagnetic sensor elenents (Ro, R, ..., Rh-O 19. A nethod
accor di ngvoeoed/adTm®17, wherein setting the sensitivity @EBwaBos053306 Sn- i)
of the at |east two magnetic sensor elenents (Ro, R, ..., R1-Ois
performed by providing a magnetic shielg (33) in the vicinity of at |east
one of the at |east two magnetic sensor elenents (Ro, R, ..., Ri-O 20. A

met hod adyehaligng the gednadtiynahd/or Siee ohtbe adest vanpagreiingens@redmditsng a conduct or
line (36),under ﬁ]{g at |east two magnetic sensor elenents (R, R, ...,
Rn-i). 2{Ro, Ryt “according to claim20, wherein providing a conductor
line (36) under at |east two magnetic sensor elenents (RO, R, ..., Rn-O
conprises _providing a conductor |ine £§6) having a different width at the
posi tion ldf at | eaBmehd aspording teyelaimy b twhetin spiingdhs sensisivisyr el enents (R,

R, .s5., (5%]:'89..., Sn-1) of the at least two magnetic sensor elements (Ro, Ry, ..., R,.|) is performed

by splitting up at least one of the at least two magnetic sensor elements (Ry, Ry, ..., Rp.)).

18. A method according to claim 13, wherein setting the sensitivity
(So, Si, ..., Sn.1) of the at least two magnetic sensor elements (Ro, Ry, ..., Ry.) is performed
10 by providing a magnetic shield (33) in the vicinity of at least one of the at least two magnetic

sensor elements (Ry, Ry, ..., Ry.1).

19. A method according to claim 17, wherein setting the sensitivity
(So, Sy, ..., Sp.1) of the at least two magnetic sensor elements (Ro, Ry, ..., Ry.) is performed
15 by providing a magnetic shield (33) in the vicinity of at least onc of the at least two magnetic

sensor elements (Rg, Ry, ..., Ry1).

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

20  elements (Ro, Ry, ..., Ryi).

21. A method according to claim 20, wherein providing a conductor line (36)
under at least two magnetic sensor elements (Ro, Ry, ..., R,.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, ..., Rq.1).



