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Abstract. Especially in the field of automotive applications function Ripka 200Q Kuijk et al., 1975. However, Barber
smart sensor systems for magnetic field sensing face increapole sensors need a bias field applied along the easy axis to
ing requirements concerning low cost, low power consump-improve their stability, since the internal magnetization of
tion and high magnetic performance. Over the past yearshe ferromagnetic sensor element has two stable positions
AMR sensors play a decisive role in this application area be{Dibbern 1989. Otherwise, if for any reason a powerful
cause of their robustness and stability. In the following amagnetic field appears opposing the internal field, the mag-
high-integrated smart sensor system for magnetic field sensaetization flips from one into the opposite direction. Unfor-
ing is presented. A novel approach for the detection of weaktunately, this stabilization field lowers significantly the sen-
magnetic fields is shown, which is based on an AC-excitationsitivity (Tumanskj 2001). So far Barber pole sensors ful-

of AMR elements. In contrast to common used sensors thidill sensitivity, low noise and hysteresis requirements. How-
concept is based on a nonlinear AMR element without Bar-ever, recent developments especially in the field of automo-
ber pole construction. By means of this methodology sen-tive applications demand weak field sensing systems which
sitivity as well as temperature and life time stability is sig- have to satisfy further demands such as low power consump-
nificantly improved, while the production costs compared totion, low temperature and low life time drift. Typical ex-
common-used sensors are reduced. Within this novel apamples are wheel speed sensing in automotive transmission
proach new signal conditioning algorithms and analog circuitsystems, current measurement or electronic compassing. In
topologies are presented, which are able to meet low offseaddition, the magnetic field strength in automotive systems is
and low noise requirements. often so violent that the measurement range of common-used
weak field sensors is inadequately. AC-biasing techniques —
such as modulation or flipping methods — are well-known to
improve the performance of MR sensofaifnanskj 2000)—
(Razavj 1997. However, usually they are not able to fulfill

For the measurement of weak magnetic fields variousIOW power as well as low cost requirements of industrial and

transducer principles are applicable like Fluxgate, Ha",automotlve applications.

Anisotropic (AMR) or Giant (GMR) Magnetoresistive sen-  In the following a novel approach is presented which is
sors Ripka 2000. However, especially for automotive ap- Pased on a superhet structure of the signal processing unit
plications AMR sensors are widely used, because of theifRazavj 1997. The initial point is a nonlinearized AMR
good performance concerning temperature stability, high ro-element which guarantees a high sensitivity in view of the
bustness against large magnetic fields and relatively higHact that a bias field along the anisotropic axis is not needed.
sensitivity. In addition, usually a linear transfer character- Since the sinusoidal excitation signal along the hard axis
istic, low noise and a negligible hysteresis are demandeddriven by on-chip coils is small, low power requirements are
Most AMR sensors, which are commercially available, use afulfilled. The superhet structure leads to a linearization of the
Barber pole construction for the linearization of the transfersensor output signal in frequency domain, where hystereses

as well as offset effects are eliminated. Since offset effects
are mainly responsible for temperature and life time drift this

Correspondence tol. Thiessen approach also leads to a highly stable sensor characteristic,
BY (tina.thiessen@gmx.de) where the natural robustness against high magnetic fields is

1 Introduction
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C whereRg represents the resistance of the AMR elemarR,
i } the maximum change atp anda with
o - . H,
I I sing = —~— 2)
ext sensor Hx + HO

the angle between the internal magnetization of a ferromag-
netic thin film and the direction of the current through the
film (Dibbern 1989. H, corresponds to the external mag-
netic field along the anisotropic axi, is the field perpen-
dicular to the easy axis anHp can be regarded as a ma-
terial constant compromising the so called demagnetizing
and anisotropic fieldsTumanskj 2001). For small mag-

drive coil AMR element netic fields H, in y-direction and a negligible field in x-

direction (H,—0) AMR sensors without Barber poles can

Fig. 1. Simplified circuit diagram of current fed AMR sensor with be described by

sinusoidal excitation. :
R=R0+AR<1—(Z—3)) -

preserved. Furthermore, the elimination of offsets caused byR = Rg for H, > Hp
the AMR effect enables in addition with the lock-in charac- . L .
ter of the sensor signal processing an efficient amplificationIf we generate by means of an on-chip coil a sinusoidal mod-
of output signals of the sensor elemeniieade 1994). ulation fleldh{exc(t)_and .assume vylthout a loss of generality
. . . an external sinusoidal fielHey(1), it follows

However, a basic superhet structure consisting of filters
and mixer circuits is not able to fulfill low cost demands. Hy = Hext SiN(extt) + HexcSiN(@exd) 4)
Furthermore, AC-driven systems show a capacitive coupling
effect between MR layer and coil layer which requires a com-Wherewext=2r fext andwexc=27 fexc. Sinusoidal fieldsext
plex signal processing to separate the speed information frorafe typical in the field of wheel speed sensing, e.g. anti lock
the capacitive coupled frequency. Finally, most AC-driven Praking systems (ABS) or automotive transmissions, where
AMR sensors possess a small air gap range, since large mag’e€ amplitude can vary caused by mechanical torsions up to
netic inputs lead to distortions, which cannot be eliminatedthe factor 8.

by a filter arrangement. If we put Eq. @) into Eq. @) we arrive at

In the following a new method is presented by which the Az, o2
conversion of the speed signal from bandpass to basebanRgensoft) = Rg + AR (1 - exzt - eX;) 4o
takes place in the AMR element itself and needs no mixer. 2H5  2H;

Coincidentally the new approach separates the speed infor- Ao ~o
mation from the capacitive coupled frequency. To elimi- | Ap Hexzt COS 2wexit) + ARHeX; CO 2wexdt) — - - -

nate the capacitive coupled frequency and reduce the require- 2H§ 2H§
ments of the signal processing unit a difference principle is o
i ignifi HeytH,
used, which leads to significant cost down. Furthermore the _ , . ffext 2exc (COS((@exe — Dex)t) — - - - (5)
method features a large air gap capability, high sensitivity H

and a high (dynamic) air gap range. The reader should note °

that the presented methodology is also applicable to other — COS((@exc + wex?)) , (6)

XMR technologies such as GMR. which represents a amplitude modulation of the external sig-

nal Hexc(t) by Hexi(2). First, we assume, that the output volt-
age of a current fed AMR sensor is given by

Usensor= Rsensor I + Uc(?) (7
As shown in Figl, the invention is based on a nonlinearized ) .
AMR element driven by a sinusoidal current and an on-chipWhere | is the constant current through the AMR resistor and
cgil, \{vhich creates a sinusoidal magnetic e_xcitation in y- Uc(t) = Uc sin(wexd) 8)
direction. Between the MR layer and the coil layer occurs
a capacitive coupling effect represented by C. The transfeis the capacitive coupling voltage induced by the coil layer.
characteristic of a nonlinearized AMR element is given by The spectrum of the output voltage can be seen inZig.

To isolate the needed signal a common superhet structure

R = Ro+ ARcoSa (2) can be used consisting of a band-pass filter, a mixer and a

2 Methodology
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Fig. 2. Spectrum of the output voltadésensowith constant current  Fig. 3. Spectrum of the output voltag@sensorwith sinusoidal cur-
through the AMR resistor. rent through the AMR resistor.

low-pass filter Mleade 1994. In comparison with conven-  The spectrum of the output signal is shown in RBg.To
tional smart sensor systems this method needs three furthégolate the needed signal @¢x: a simple low pass filter can
components: two filters and a mixer circuit, which increasebe used. It turns out that by means of the modulation of the
costs of the signal processing unit. To reduce the needed chipMR elements the capacitive effects are separated, offset ef-
area of the filter arrangement, a higher excitation frequencyects are eliminated and consequently temperature and life
seems to be useful. However, there is a capacitive couplingime drift are significantly reduced. In addition, since the
between the on_chip coil and the AMR |ayer, which dependswanted Signal is offset free it can be ampllfled strongly. For
on the modulation frequency_ Especia”y in the case of athiS reason the sensitivity can be controlled direCtIy by the
higher excitation frequency an additional offset appears sgamplification which makes large sensing distances possible.
that the advantages of AC-biasing are eliminated. To producén this account external fields down to sensor noise can fail-
relief we will show a methodology, which drastically reduces safe detected. Moreover, since in contrast to Barber pole sen-
the needed filters and eliminates the must of the mixer circuitSOrs a bias magnet is not needed, the sensitivity is improved,
Moreover, by means of this approach Capaci'[ive Coup”ng isWhere the production costs are reduced. However, the low
eliminated by the method itself. pass filter has high requirements to exfiltrate higher frequen-
If we perform the mixing by means of Ohm's law, i.e. we Cies without a phase shift of the output signal.
choose an adequate sinusoidal current through the AMR re- To reduce the requirements of the filter one can use a dif-

sistors (see Figl) with ference principle desribed below. The initial point is E8). (
—isi HZ, .
1(t) = I sin(wexd!) ) REoft) = Ro+ AR — ARH—eZX‘ Sir (wexit) — - - -
it follows 0
'y 3 H tI:Iexc
H3. Hi — 2AR =2 sin(wet) Sin(wexd) —
Usensor= |:RO + AR (1 2_[-102 — Z_Hg R HO
ﬁz
A2, — AR sirP(wexd), (11)
- I'sin(wexdt) + AR——% 12 T [Sin((wexe — 2wex)t) + - H§
0 whereH,, is
-+ + SiN((wexc + 2wexpt)] + - - - Hy = Floqsin@et) + Hoxesin@end). (12)
HZy - . . If we excite a second comparable AMR element with
-4 AR—Z - I[SIN(Bwexdt) — SiN(wexct)] — « - - R . R _
4H, Hy = HextSiN(wextt) — HexcSiN(@exd!) (13)
H 1312 . we arrive at:
2Ho Raonsoft) = Ro+ AR — AR Hext SirP(wextt) + -
. . 0
-+ + SIN((2wexc — wext)t) — SIN((2wexc + wex)!)] + - - -
HextHexc

-+ ZARH— SiN(wextt) SiN(wexd) —

www.adv-radio-sci.net/7/89/2009/ Adv. Radio Sci., 7, 892009



92 T. Thiessen and M. Prochaska: A new high-integrated weak field sensor for automotive applications

|U, s

res| —.
JASAN l
NZHCXlHCXC >

N
. T
o RN AT
d NL I\

Fig. 4. Spectrum of the resulting output volta@kes by using the
difference principle.
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Fig. 5. Block diagram of the signal processing unit.

A2

Hg . . . . .
— AR sirf (wexd) (14) in phase with the wanted signal. So this structure is able to

Ho detect magnetic inputs wittH,, |> Ho. If we assume

The resulting output voltage Hy = HextSin(wextt) + HexcSiN(wexd!) (16)

~ ['AlextSin(wextf )
Ures = Usensor1t+ Usensor2 for
= R;_ensogt) . I Sin((,()exct) + UC Sin(a)exct) + e n n
Hext >> Hexc, (17)

++ Rensob!) - I SIN(—wexd!) + Uc SIN(—wexd) we are able to calculate by using EcR).4nd (L6) the Fourier
series of the resulting resistanRg, s (¢) for
ﬁext > H() (18)

(15) From this follows

HeoiH,
=—AR%I [2 siN(wexit) + - -

0

-+ 4 SIN((2wexc — wex)t) + SIN((2wexc + wext)?)] %
_ Rsensoft) = Ro — — (arcsir(P) —P-V1- PZ) + -

represents the wanted speed signal and components around 43
the double excitation frequency. These higher frequencies  ~ K T[4
can easily be filtered by a low pass with low order (see + Z —- [— sin(2n arcsin(P)) — - - -
Fig. 4). The complete sensor concept is shown in BigBy T L2
means of this invention the conversion of the speed signal
from bandpass to baseband takes place in the AMR element —
itself and needs no mixer. Furthermore, the disturbing capac-
itive coupled signal is eliminated by this new approach and
the requirements of the filter are reduced by the difference — 5,15
principle. Therefore, the invention is based on a simple low
pass filter with low order and high edge frequency preventlng
frequency dependent phase shift between magnetic input ang AR ngt (20)
electric output signal. In addition, the presented structure ful-

— sin((2n — 2) arcsin(P)) — - - -

sin((2n + 2) arcsw(P))] - COS 2nwexit) (19)

where

0
fils low cost requirements concerning the signal condltlonlng
nd
ASIC. H
If the amplitude of the magnetic input signal is large — this P = — . (21)
means that the magnetic input signal fulfit$, | > Hp and the Hoxt

transfer function loses its quadratic characteristic — higher-rom Eq. (9) follows that high amplitudes of the external
harmonics can appear. It is impractical to separate these pesignal do not thwart the basic properties of this principle.
turbations from the wanted signal by filter operations. OnHowever, if Eq. L7) is valid, higher harmonics aflgxc can

this account a traditional concept which is based on a su€hange the amplitude of the mixed signal so that quantitative
perhet structure is not able to measure magnetic signal wittmeasurements are hindered. On the other hand often qualita-
amplitudes larger thaily. In contrast, as shown above the tive field sensing is sufficient, i.g. in the field of wheel speed
suggested sensor concept suppresses signals which are rs@nsing.
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Fig. 7. The spectrum of the AMR element series near fexc.
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Fig. 6. Layout of the AMR layer.

3 Experimental results

To verify the presented methodology integrated prototypes
were implemented. The signal processing units are realizec
according to Figh. The layout of the sensing elements is
similar to the KMZ51 earth field sensd8tork 1997). Since M
the methodology is based on a nonlinear transfer character. TYRRTTY M

istic of the AMIgyeIements, in contrast to the KMZ51 Barber WWW W"'MWW

poles were not implemented. Furthermore, only one drive-

coil along the easy axis was realized to excite the sensing ="~ = ™" e
elements. As a matter of principle offset effects are elimi-
nated and so temperature and life time drift are also essen-
tially reduced. Instead of meander patterned serSmr¢-  Fig. 8. The spectrum of the output signal of the smart sensor system.
any 1992, this system consists of two strips of 36 single

resistors, which are not arranged in a Whetstone bridge. This

leads to a further cost down, since on chip trimming of the e external field a Helmholz coil was used, while the AC-
bridge resistors is not needed. To guarantee as low as pogycitation of AMR elements was produced by current-fed on-
sible tolerances a sensor layout as shown in Bigas re-  chip drive-coils. The current through the coils is to be chosen
alized. The resistance of each stripe of sensing elements ig, 5 mA sin(271 MHz1). As expected there is a large spec-
approximately 14 & , while the drive coil resistance is about {4/ jine at fexc Which is a result of the capacitive coupling
20052 and the coil field factor is approximately 2?%2"—)- between the AMR and coil-layer. However, if we use the
So by means of relatively small excitation current through presented methodology the wanted signal is directly mixed
the on-chip cails a high sensitivity can be achieved, i.e. tg the base-band (see FR). Following the difference prin-
S>20(('ZX//,,‘,/)) for H, <502 and Heyc>1002 . ciple shown in Fig.5 the output signals of both AMR el-

b=

93

The spectrum of the output signal of one stripe of sens-ements are added. The remaining, undesired spectral lines

ing elements near the excitation signal is shown in Fig. can easily be removed by a simple low-pass filter. The re-
wherewex=20 kHz andwexc=1 MHz. For the generation of quired chip area depends on the modulation frequency. For
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a higher modulation frequency the low-pass filter is smallerDibbern, U.: Magnetoresistive Sensors, in: Sensors — A Compre-
and the phase shift of the sensor output signal compared to hensive Survey, edited by: &pel, W., Hesse, J., and Zemel, J.
Hexi(1) is lower. Further investigations show that in contrast  N., Vol. 5, Magnetic Sensors, edited by: Boll, R. and Overshott,
to common used weak field sensors both techniques are ro- K. J., Wiley-VCH, Weinheim, 342-379, 1989. .

bust against large external fields. So in case of constant mag=y"": D-: Demodulation of a magnetoresistive sensor signal to
netic fields the measurement rangetifio, while periodical achieve a low-cost, stable and high-resolution vector magne-

signals with amplitudes of up o can be detected. tlogrggter, Elsevier Science, Sensor. Actuat. A-Phys., 50, 187-190,

Kuijk, K. E., van Gestel, W. J., and Gorter, F. W.: The Barber Pole,
a linear magnetoresistive head, IEEE Trans. Magn., 11(5), 1215—
1217, September 1975.

Meade, M. L.: Lock-in amplifiers: principles and applications, IEE

Series in Measurement, Peregrinus, 5-22, 1994.
etrou, J., Dimitropoulos, P. D., Hristoforou, E., and Neagu, N.:

4 Conclusions

In this paper a novel method for weak field sensing is pre-
sented. The highly integrated prototype demonstrates feas

sibility and outstanding performance with respect to the re- .., op fluxgate device based on the phase modulation of mag-

quirements in industrial and especially automotive applica- petization rotation in AMR films, Elsevier Science, Sensor. Ac-
tions such as low cost, low power and high robustness. The tyat. A-Phys., 129, 107-111, 2006.

sensor system is able to detect fields in the order of the serRazavi, B.: RF Microelectronics, Prentice Hall, 54-96, 1997.

sor noise and possess a large measurement range. As a matRipka, P.: Magnetic Sensors and Magnetometers, Arttech House,

of principle offset effects are eliminated and on this account 130-150, 2000.

temperature and life time drift are essentially reduced. SinceRipka, P., Tondra, M., Stokesa, J., and Beech, R.: AC-driven AMR

trimming of bridge resistors as well as a bias magnet is not and GMR magnetoresistors, Elsevier Science, Sensor. Actuat. A-

needed the production costs are essentially decreased. Sumt-PEys_‘r" 7|§I(1)£ 22_5'2C3O' AugusDt 1999. KMZ51 and KMZ52
P - . OorK, 1.: ectronic Compass besign using an ,

marizing, performance and cost efficiency are OUtSt?nd'”gs Application Note AN00022, NXP Semiconductors, 1997.

in comparison to each commercial available magnetic sen-

o Tumanski, S.: A new Type of Thin Film Magnetoresistive Mag-
sor system and justify the relevance of AMR technology for netometers — an Analysis of Circuit Principles, IEEE T. Magn.,

industrial and especially automotive applications. 20(5), 1720-1722, September 1984.
Tumanski, S.: Thin Film Magnetoresistive Sensors, IOP Publishing,
33-145, 2001.
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