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Abstract. Magneto(elasto)Electric (ME) sensors based on neiagtrictive-piezoelectric
composites have been investigated to evaluate pleeformances to sense a magnetic signal.
Previous results have shown that the dielectris fo@ise in the piezoelectric layer exhibits as
the dominant intrinsic noise at low frequenciesjoliHimits the sensor performances. Also, it
has intrinsically no DC capability. To avoid a pafft this limitation, modulation detection
methods are evaluated through a frequency up-ceiovetechnique [1-4]. Moreover, classical
magnetic field feedback techniques can be usetd@ase the dynamic range, the sensing
stability and the system linearity, too. In thippg we propose a new method to feedback the
system by using both the magneto-capacitance mibaluland an electric field feedback
technique. Our development shows the feasibilitthefmethod and the results match with the
theoretical description and material propertieserEvf the present results are not totally
satisfactory, they give the proof of concept aneld/ia way for the development of very low
power magnetometers.

1. Introduction

A classical ME_EE modulation system [3] consists of a magnetoelectomposite as a
sensitive element for picking up magnetic fieldéowa noise operational amplifier to stress the sens
at the operating carrier frequency and to amplify signal as well as a demodulation stage whose
output is connected to a simple feedback loop. A Mikinate with multi-push-pull mode
configuration [5] was chosen as the sensor. It ides/ a high sensitivity for magnetic-to-electric
conversion due to a well-designed structure andctilessal piezoelectric and efficient magnetic
coefficients of the ferroelectric and ferromagnetiaterials. A rectangular piezoelectric layer of
dimensions 40x10x0.2 mimade of ferroelectric single crystal PMN-PT,amdwiched between two
ferromagnetic layers. Each ferromagnetic layer adenof three Metglas sheets with dimensions
80x10x0.15 mrh Two pairs of interdigital electrodes are stackadoth the top and bottom surfaces
of the piezoelectric layer with a center-to-cemsigace of 1.5 mm.

2. Modeling

2.1.1 Transfer function

In order to investigate the relation between ttandfer functions in open loop and for a
feedback loop, we need to specify the transfertiandor an applied magnetic signal, first. Refegri
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to Fig. 1, the open loop transfer function is ot by taking into account the sensor sensitititg,
charge amplifier and the demodulation circuit gaihgields

aNL 1
ME _EE
A== GOG, (1)

1

where " and C, are the nonlinear ME charge coefficient and thpacaance of the charge

amplifier. G;, G, andG; are, respectively, the gains of the different seding stages. A quantitative
evaluation of the deformation induced by a magnatielectric field provides the key information for
the feedback system. In a ME layered sensor, thehamécal capacitanc&ecn iS given by the
constitutive equations. It yields a relationshipween the mechanical forc&, and the micro
displacementdu, both along the length direction of the sensorAas F Ces. This force,F, can be
generated by either a magnetic or electric fielthicw depends on the following expressions
Fm=emH orF, =g, E [6-7]. The mechanical capacitance can be deduced the mean flexibility,
S3, the sensor length, and the cross section arew, It yields: Cpech=Ss3I/A. The sensor mean
flexibility can be obtained by taking into accoutliose of the magnetostrictive layer and the
piezoelectric layer and the thickness ratidetween two layers [8]. Thus, an equivalent dispinent
due to a magnetic and an electric field results

$uH Crron=0U=¢ EC, ... (2)

mech

Provided that the magnetic and piezoelectric phasaeh perfectly, the ratio between a magnetic
field and an electric field is given by

H_% ©)
E

m

Taking account of the magnetic susceptibility,the feedback factoy, representing the flux-to-
voltage ratio in (T/V), is

ﬁ:

,UOH - ¢p:uo (4)
E p
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where x ¢n =15 N/(A.m"), ¢,=3x10°N/(V.m") and I,=1.5 mm, the center-to-center distance
between interdigital electrodes [3].The value &f flux-to-voltage ratio i = 1.7x10° T/V. The term,
Al(1+Ap), represents the feedback transfer function géirs gain cannot be measured directly since
the transfer functio® combines the magnetoelectric coefficieftee which is related to the sensed
magnetic field. However, we can apply an input agd, Vi.rs, at the positive input of the charge

amplifier (cf. Fig. 1), to evaluate this teriAg. Therefore, we have
2o (5)
Aﬁ’* éaMEfEEelGZG3

with the nonlinear voltage coefficient) The factor of 1/3 is due to voltage divider indddy

E_EE’
the resistances. The two equations (1) and (3¥l et predicted transfer function with a feedback
loop as
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A 3 ah’;lllli_EE 1 (6)

1+A8 aye e B

Up to certain point, the feedback loop permitsrioréase the bandwidth. Admitting that the cutoff
frequency of the open loop transfer functioricis,, we can deduce the closed loop bandwfdik,
with a feedback transfer function

T ( f ) _ TrOL( f ) _ A 1 with fC_FB = fc_o|_(1+A ﬁ) (7)
" I+To ()8 \1+AB) . jﬂ
2” fciFB

2.1.2 Equivalent magnetic noise (EMN)

By using theME/EE modulation technique on a ME sensor in longituldiffaration mode, the
noise from the excitation source and the amplificatelectronics dominate over the noise
performances of the sensor [9]. In the feedbaclp,ldbe voltage divider consisting of the three
resistancesR, has little noise contribution since the assodiateltage noise is small compared to
other voltage sources. Presently, we believe tlmdbminant noise sources are originating from the
excitation and amplification electronics. Thus, th&l output voltage noise can be expressed as [2]

R
1+ j27RC, f

C,+C
Cl

2
eﬁOL(f):GfGZZGSZ( (ian(f)2+inamp(f)2)+

2

(enamp<f>2+enexc(f>z)J ®

whereinry(f) is the current noise source of the resistdRcen.m{f) ande..n{f) are, respectively, the
equivalent input current and the voltage noise cEinof the charge amplifieg,.{f) is the noise
source associated to the driving carrier voltagg, Thus, the output voltage noise spectral density
and the transfer function with a feedback loopefireed by

_ & (f) 9
eHSFB(f)_l'FAﬂ' ( )
The EMN of this system is defined by the ratio leé butput voltage noise,o.(f), and the magnetic
signal transfer functionl,o.(f). In open loop mode, EMN can be directly evaludted the output
electric noise and the transfer function. Also, BMN in feedback loop mode is expected to be equal
to

enOL(f)
_er(f) _ 1+AB _eo(f) _ 10
anB(f) T”:B(f) TrOL(f) TrOL(f) bnOL(f)' ( )
1+ A8

3. Experimental results

Several experiments were performed by applyingraftequency magnetic reference signal of
two hertz. The latter was applied by a pair of Haditz coils in series with a resistance of(l &nd
having a transfer function of 6.8x10/A. The ME composite senses this magnetic field iaduces a
modulated signal which appears at the charge ampbltput. The voltage excitation carrier has a
frequency of 25.3 kHz corresponding to the longiatisensor resonant frequency. The output signal
from the charge amplifier is applied to the positimput of a differential amplifier presenting aylhi
pass filter behavior having a voltage gain of 1@ ancut off frequency of 160 Hz. A sinusoidal
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voltage, which is synchronized in phase and inueegy with that of the excitation carrier, is
connected to the negative input of this subtraittgeduce the output carrier amplitude presefd.in

as shown in Fig. 1. This is a critical step befine demodulation process since a too large cdenvef
prevents the noise measurements when using a wpeatialyzer. After demodulation and a further
amplification through an amplifier £sthe signal is feedback towards the positive dutpuhe charge
amplifier. The schematic of the setup is giveniguife 1.

Ry

Lock-in with low

Subtractor pass filter Amplifier
+ &i=10 Uz, G,= 10 Ga
[ior | ome \
— / 160 H; 3 kHz 10 Hz
Referenc Voc VoL, €noL
Vers, EiFs

T

_________________________________ g U

IL:ig. 1: Schematic of the magneto-capacitance mtidualand detection principle, associated with an
electric field feedbackd; = 100 pFR; = 10 QQ).

In order to characterize the sensing performandte the feedback loop, we measure each of the
following transfer functions: the open forward g#inthe gainAs of the feedback channel and the
closed gain with the feedback lody/ (1+As). The pair of Helmholtz coils is used to generiie
sinusoidal-sweeping magnetic signal along the ledgection of the sensor.

107k i I"f’l (measured)

k|

10°F ey :T] ., (measured)

10" ¥ T, (calculated)

2 3 4 56789
Frequency (Hz)

10 100
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(a) (b)
Fig. 2: Transfer functioii,(a) and observed equivalent magnetic nbjs@) in open mode (black) and
feedback loop (red). In (a), the blue curve isdtaluated response.

Transfer function (V/T)
=)
Equivalent magnetic noise SD (nTAHz)

By measuring the ratio between the output voltage the input reference, one can separately
measure the values AfandA / (1+Ap) for a gain ofG; = 50, as shown in Fig. 1.The transfer function
of the feedback channélg can be deduced fromandA / (1+As) by taking into account the equality

TrFB_mesz[ﬁj It yields
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AB= 1 (11)

rFB_mes

where the indexnesrefers to measured values. The experimental apdcted performances are
compared in Fig. 2. According to our previous stsdihe nonlinear charge coefficiesf: . for this

given sample has a value around 250 nC/T at lowgufacies for a voltage excitation of
Vexc = 400 mVf. Both the calculated and measured transfer fumstio the feedback mode show a
strong coherence with our previous measurements.

Conclusions

We have investigated the magnetic transfer functiba noise performance of a ME sensor
working under modulation techniques, relying oretattric excitation and an electric feedback in the
detection system in order to improve the lineaaity the dynamic range. The performances between
the measured values and the predicted ones hamecbewared. The gains and bandwidths have been
found similar. The results give the proof of cortcgp the method and yield a way for the
development of very low power magnetometers. Te,d&ie performances of the feedback loop are
limited by the nonlinear ME charge sensor coeffitigN: mainly.

ME_EE '
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