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Abstract—The performance of GMI-based magnetometers is
currently limited by the noise due to the electronic conditioning
circuitry. We propose a simple model of this noise for a GMI
sensor using a synchronous detection scheme. The GMI sensing
element consists of a thin pick-up coil wound around a Co-rich
amorphous micro-wire. It is fully described by a two port network
model and associated impedance matrix. Noise and sensitivity
behavior are studied for the four measuring configurations,
corresponding to four terms of the impedance matrix. The
model yields a good description of experimental data from noise
measurements. The magnetic noise spectral density is dominated
either by the excitation or detection stages, depending upon
whether the excitation currents are high or low. The non-trivial
noise behavior exhibited by each configuration leads to better
understanding of the noise limitations of GMI magnetometers.
The configuration in which the signal at the coil terminals is
measured (often named off-diagonal) is the most efficient in
decreasing the equivalent output magnetic noise spectral density.

Index Terms—Magnetometer, GMI, Noise.

I. I NTRODUCTION

The Giant Magneto-Impedance (GMI) effect reflects the
strong variation of the impedance of a ferromagnetic con-
ductor, driven by a high frequency current, as a function of
an external applied magnetic field parallel to the wire. This
strong effect, which is very promising for the development of
highly sensitive magnetometers [1], [2], [3], [4], [5], hasthus
attracted considerable attention over the past few years. Avery
important characteristic of magnetometers is their equivalent
magnetic noise level, which ultimately limits the sensing
performance. We previously reported that the noise level of
current GMI-based magnetometers, in a typical measurement
setup, is dominated by the noise of the electronic condition-
ing, rather than by the intrinsic noise of the GMI sensing
element [6], [7], [8]. As a consequence, it is crucial to increase
the intrinsic sensitivity of the sensor∂Z∂B (i.e. the differential
variation of the impedance expressed inΩ/T) until the sensor
noise becomes higher than the electronic conditioning noise,
in order to further reduce the total equivalent magnetic noise.
With that goal in mind, we investigated the noise of a complete
GMI device (coupled with thin pick-up coil, or not). Our
approach is based on previous work, in which we showed that
the GMI-coil set-up, generally labeled off-diagonal GMI [9],
[10], orthogonal flux-gate in the fundamental mode [11], [12],
or inverse Wiedemann effect [13], is a promising approach to

Figure 1. Schematic of the device and associated electricaltwo port network
model. It shows the different terms related to the impedancematrix given
in (1).

increasing the intrinsic sensitivity [14]. Here, more attention
is dedicated to the noise aspect of the detection configuration,
taking into account the electronic conditioning limitation,
evaluating the impact of using or not using the coupled
pick-up coil. The focus of this article is thus to present the
expected noise behavior of a GMI device, including the effect
of electronic conditioning. Actual optimization of a complete
device, based on the result of this study, will be presented
elsewhere.

The paper is organized as follows. Section II describes the
electronic setup. The associated noise model is developpedin
Sec. III. Preliminary results and discussion are presentedin
section IV. Methods of noise optimisation are discussed in
section V, which is followed by a general conclusion.

II. EXPERIMENTAL METHOD

Here we present the electronic setup used in our study.
We first describe the sensor itself, which consists of a GMI
micro-wire coupled to a thin pick-up coil. We then present
the electronic conditioning circuit which sets the sensor in
appropriate operating conditions.

The sensing element consists of a very thin bi-layer pick-up
coil, with approximately 500 turns per layer, directly wound
directly around a 100 µm diameter CoFeSiB amorphous
ferromagnetic wire. The length of the complete device is
approximately 2.5 cm. A schematic of the device along with
its equivalent two-port network model are shown in Fig. 1.

The scattering parameters of the device were measured
using a classical test setup based on a vector network anal-
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yser [14], driven with sufficiently low excitation power as to
insure that the GMI element operated in the linear regime. A
description in terms of a field-dependent impedance matrix
[Z(B)], where B (B = µ0H) is the external magnetic
induction, links the voltages to the currents (see Fig. 1 for
definitions), that is

(

v1
v2

)

= [Z(B)]

(

i1
i2

)

=

[

Z11(B) Z12(B)
Z21(B) Z22(B)

](

i1
i2

)

. (1)

Typical results of measurements of the components of this
impedance matrix are illustrated in Fig. 2. Several dc bias
currents are superposed on the excitation current, of frequency,
f0 = 300 kHz. This relatively low driving frequency has been
chosen in order to minimize coupling (crosstalk) due to wave
propagation, despite the improvement in performance expected
at higher frequencies. Our focus here is on comprehension
of the noise behavior rather than on the optimization of the
response. Let us consider that the circuit is operated in a field-
locked loop configuration. The external magnetic fieldB is
written as

B = B0 + b(t) (2)

whereB0 is the static working point andb(t) is the small
magnetic field signal [15]. A first order Taylor expansion
allows us to write each term of the impedance matrix as

Zij(B) = Zij0 +
∂Zij(B)

∂B

∣

∣

∣

∣

B=B0

.b(t) (3)

whereZij0 = Zij(B0) and ∂Zij(B)
∂B

∣

∣

∣

B=B0

is the differential

impedance variation as a function of the applied magnetic
field, expressed in units ofΩ/T. As suggested by the curves of
Fig. 2, a dc bias current of +6 mA is chosen for the following
discussion, in order to enhance the differential impedance
variation [6].

In addition to the sensing element, the electronic condi-
tioning circuit consists of an excitation stage, providingan
ac current to the two-port network, and a detection stage,
which collects the output signal. The schematic of this cir-
cuit is shown in Fig. 3. The excitation stage consists of a
300 kHz sine wave voltage generator (HP 33120A), having
an amplitude,eg1 , of 1Vp. This constant voltage source acts
as a constant current source, due to the resistorR1. This
equivalent sine wave current, which flows through the two-
port network, induces a sine wave voltage at output ports. This
voltage is modulated in amplitude, with a carrier frequency
f0, where the modulation depth is directly related to the terms
∂Zij

∂B

∣

∣

∣

B=B0

.b(t) of the impedance matrix.

The detection stage consists of a preamplifier (EG&G
Model 5113) which picks up the voltage at the two-port
network terminals. Its use is motivated by the need for
high input impedance compared to eachZij0 . A large gain,
G ≈ 1000, is chosen, allowing us to neglect any noise sources
after the preamplifier. While the proposed model is linear,
the experimental behavior for very smallR1 may not be. To
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Figure 3. Schematic of the electronic conditioning circuit. The excitation
stage uses a voltage generator,eg1 , and a resistor,R1. The detection stage
consists of a preamplifier and associated carrier compensation circuitry,
followed by a lock-in amplifier locked to the excitation frequency,f0.

minimize this problem, a second order low-pass filter with
a cut-off frequency off0, follows the preamplifier, in order
to suppress any small distortion appearing at high excitation
current amplitudes due to non-linear effects in the GMI wire.
In order to avoid saturation of the preamplifier and because
of this large gainG, we need to cancel out the constant
average amplitude of the carrier, keeping only the modulated
part of the amplitude. This explains the second generator
voltage connected to the inverting input of the preamplifier,
synchronized to the first, and at the same frequency, with a
voltage amplitude,eg2 .

Following the preamplifier, we use a Stanford Research
System (SR 844) Lock-In Amplifier (LIA), locked to the
carrier frequency,f0. It provides an output signal, directly
proportional to the modulation amplitude of the input signal,
with gain,GLIA. From this description of the system, we have
developed a noise model, presented in the next section.

III. M ODELING OF NOISE SOURCES AND EVALUATION OF

THE SENSITIVITY

The noise model developed here allows one to predict noise
performance of the setup described in the previous section.
First, we quantify the contribution of each noise source,
relative to the white noise level at the output of the setup
after demodulation. We focus on the voltage spectral density
(white noise) in a range around±1 to 10 kHz from the carrier,
f0, which will be shifted to low frequency after demodulation.
Then we predict the output sensitivity,Tr, in V/T. This links
the output signal,Vout(t), to the applied external magnetic
field, b(t).

In all of the following, we identify the different excita-
tion/detection configurations by a subscriptX (X = A, B,
C, or D), as defined in Fig. 3 and referring to the impedance
matrix term given in Fig. 1. In brief,A means excitation
through the amorphous wire with signal detection across its
terminals,B means the same excitation, but with detection
across the coil terminals.C means the opposite ofB. D means
excitation through the coil combined with detection acrossits
terminals.

Assuming that the intrinsic noise level of the sensing
element is lower than that of the conditioning electronic
setup [16], we identify three kinds of noise sources. The first is
noise induced by the voltage generators,eg. Signal instability
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Figure 2. Real and imaginary parts and modulus ofZij terms of the impedance matrix as a function of the applied magnetic field for three dc bias currents
flowing through the amorphous wire. Measurements were performed for an excitation frequency,f0, of 300 kHz. On the modulus curves, we show estimated
differential variations of impedance expressed inΩ/T. These are used in section III to estimate the sensitivity.

of sinusoidal sources is generally characterized by the single-
sideband noise spectral density (NSD) expressed in decibel
below the carrier per hertz (dBc/Hz) [17], in direct relation to
the output amplitude of the source. In our case, we consider a
dynamic range of 148 dBc/Hz [18], yielding the voltage power
NSD of the generator, expressed as

e2ng1,2 =

(

eg1,2
√

2

)2

10148/10
=
( eg1,2
10151/20

)2

[V2
rms/Hz] (4)

whereeg1,2 is the amplitude of generator 1 or 2 in Vpeak. The
amplitude,eg2 , of the second generator is related toeg1 since
amplitude of the signals at both inverting and non-inverting
inputs of the preamplifier need to be approximately equal.
Consequently, the noise level of the second generator,eng2 ,
may be expressed as functions ofeng1 and of circuit elements.

The second noise source to be taken into account is the
noise level of the preamplifier, which may be summarized by

its (en, in) model, considering an input voltage white power

NSD, e2npreamp, of
(

3.2 nVrms/
√
Hz
)2

and an input current

NSD, i2npreamp, lower than
(

20 fArms/
√
Hz
)2

[19].
The final noise source is related to the Johnson noise of

each resistor,R, of the setup, expressed as

e2nR = 4kBTR [V2
rms/Hz] (5)

wherekB ≈ 1.38 × 10−23 JK−1 is the Boltzmann constant
and T ≈ 300K is the operating temperature. Assuming that
the input impedance of the preamplifier is sufficiently high that
we may neglect input current and that the various noise sources
are uncorrelated, the white NSD close to the carrier frequency
(∆f ≈ ±1 to 10 kHz) at the LIA input can be obtained from
Eqs. (6a) to (6d), for each configuration,X :

In these expressions, noise due to internal generator resistors
(50Ω) is neglected compared to the generator noise level itself.
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e2nLIAA
(f0 ±∆f) ≈ G2

{

|Z110
(f0)|2

(R1+50+|Z110
(f0)|)2

[

2e2ng1 + e2nR1
+ (R1 + 50)2i2npreamp

]

+e2npreamp + e2nR=1000 + 10002i2npreamp

}

,

(6a)

e2nLIAB
(f0 ±∆f) ≈ G2

{

|Z210
(f0)|2

(R1+50+|Z110
(f0)|)2

[

2e2ng1 + e2nR1

]

+ e2nR=1000

+

(

|Z220(f0)| −
|Z210

(f0)||Z120
(f0)|

R1+50+|Z110
(f0)|

)2

i2npreamp + e2npreamp + 10002i2npreamp

}

,

(6b)

e2nLIAC
(f0 ±∆f) ≈ G2

{

|Z120
(f0)|2

(R1+50+|Z220
(f0)|)2

[

2e2ng1 + e2nR1

]

+ e2nR=1000

+

(

|Z110(f0)| −
|Z210

(f0)||Z120
(f0)|

R1+50+|Z220
(f0)|

)2

i2npreamp + e2npreamp + 10002i2npreamp

}

,

(6c)

e2nLIAD
(f0 ±∆f) ≈ G2

{

|Z220
(f0)|2

(R1+50+|Z220
(f0)|)2

[

2e2ng1 + e2nR1
+ (R1 + 50)2i2npreamp

]

+e2npreamp + e2nR=1000 + 10002i2npreamp

}

.

(6d)

Considering an AM signal at the LIA input of the form
[1 +A cos(ωt)] cos(ω0t), whereω0 andω are the carrier and
modulating pulsation respectively, the filtered demodulated
signal isGLIAA cos(ωt), whereGLIA is related to the gain
of the demodulation stage. This output signal is due to the
sum of both upper and lower sidebands, each sideband being
correlated with the same amplitudeA2 . However, for an input
white noise around the carrier, upper and lower sidebands are
not correlated. Consequently, the output NSD is increased by
a factorGLIA

√
2, due to the quadratic sum of both the noise

of the two sidebands. This effectively results in a decrease
by a factor

√
2 of the signal to noise ratio1. Consequently,

we express the equivalent output white noise power spectral
density given at the sensor output by

e2nX
(∆f) =

(√
2GLIA

GLIAG

)2

e2nLIAX
(f0 ±∆f)

=

(√
2

G

)2

e2nLIAX
(f0 ±∆f). (7)

The next step is to evaluate the output sensitivity at the
sensor output, represented byTrX =

∂VoutX
(t)

∂B
1

GLIAG , in V/T.

This is easily evaluated using∂Zij

∂B andZij0of Eq. 3, and from
circuit elements. Equations 8a to 8d give the sensitivity ofeach
configuration (A, B, C, or D).

Finally, one can evaluate the equivalent magnetic noise
spectral density of the setup,bnX

, in pT/
√
Hz. It is defined as

the ratio of the electronic noise spectral density (in V/
√

Hz)
to the sensitivity (in V/T),bnX

=
enX

TrX

.

IV. PRELIMINARY RESULTS AND DISCUSSION

With the help of the simplified model, developed in the
previous section, we can now analyze the noise behavior for

1In case of demodulation with high carrier amplitude, signalto noise ratio
may be reduced by the dynamics of the LIA.

the various excitation conditions, which is determined by the
injection resistance,R1, and the generator voltage amplitude,
eg1 . In this section, we consider a static working point,B0,
which sets static elements of the impedance matrix,Zij0 ,
to half maximum where differential variations of impedance,
∂Zij(B)

∂B

∣

∣

∣

B=B0

, are maximum. This is illustrated by red arrows

on modulus curves of Fig. 2. Fig. 4 shows all noise contribu-
tions to the total NSD before demodulation,enLIAX

, for all
four configurations as a function ofR1 and for an excitation
eg1 = 1Vpeak. We may easily identify the dominant noise
sources for each excitation condition. As expected, the NSD
is dominated by generator noise for high excitation currents
(R1 < 1 kΩ for enA

) and by detection stage noise for lower
excitation currents (combination of both preamplifier voltage
noise, enpreamp, and 1 kΩ resistor noise). Equivalent input
voltage NSDs after demodulation,enX

, of each configuration,
are summarized in Fig. 5.

Figure 6 shows the sensitivity versus excitation level for all
four configurations. Note that the very high intrinsic sensitivity
∂Z22

∂B , shown in Fig. 2, does not necessarily lead to the
highest output sensitivity for low values ofR1 because of the
high value ofZ220 . This, among other things, illustrates the
necessity of fully understanding the entire system in orderto
choose the optimal conditioning for each configuration.

Finally, Fig. 7 shows the calculated equivalent magnetic
noise levels in pT/

√
Hz as a function ofR1. The figure shows

non-trivial behavior of the noise with respect to electronic con-
ditioning. It appears that theB configuration (GMI→ Coil)
is the most promising for the set of parameters considered
here. The optimal operating point (excitation) is located in
the lowest flat part of the curve, where the dominating noise
is due to the excitation stage. It is important to point out
that, for an equivalent white NSD dominated by excitation
noise, it is useless to further increase the excitation amplitude
(in the linear regime) to produce higher response, because
the noise level will increase as the sensitivity does. For the
lowest values ofR1, the current flowing through the sample
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TrA(f0) ≈ ∂ |Z11(f0)|
∂B

eg1 (R1 + 50)

(|Z110(f0)|+R1 + 50)
2 , (8a)

TrB(f0) ≈ eg1
|Z110(f0)|+R1 + 50

(

∂ |Z21(f0)|
∂B

− |Z210(f0)|
|Z110(f0)|+R1 + 50

∂ |Z11(f0)|
∂B

)

(8b)

≈ eg1
|Z110(f0)|+R1 + 50

∂ |Z21(f0)|
∂B

,

TrC(f0) ≈ eg1
|Z220(f0)|+R1 + 50

(

∂ |Z12(f0)|
∂B

− |Z120(f0)|
|Z220(f0)|+R1 + 50

∂ |Z22(f0)|
∂B

)

(8c)

≈ eg1
|Z220(f0)|+R1 + 50

∂ |Z12(f0)|
∂B

,

TrD(f0) ≈ ∂ |Z22(f0)|
∂B

eg1 (R1 + 50)

(|Z220(f0)|+R1 + 50)
2 . (8d)
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Figure 4. White noise spectral density,
enLIAX

G
, at ∆f = ±10 kHz from the carrier,f0, expressed at the sensor output (a) for each configuration,X.

Curves (b)-(f) indicate the various noise contributions to
enLIAX

G
as determined from Eqs. (6a) to (6d). These are the noise arising from the1 kΩ resistor

and network elements, (b), from the preamplifier current noise and network elements, (c), from the preamplifier voltage noise and network elements, (d), from
generators and network elements, (e), and from the resistorR1 and network elements, (f). These noise levels are shown versus the injection resistanceR1

for an excitation amplitude,eg1 , of 1Vpeak.
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Figure 5. Theoretical (line) and measured (symbols) equivalent white noise
spectral density, expressed at the sensor output, in V/

√
Hz versus resistor

value,R1, at an excitation amplitude,eg1 , of 1Vpeak. Each curve corresponds
to one of the four available configuration cases (A, B, C, or D). Filled
symbols are measured before LIA and considering an optimal demodulation
as described in the present model whereas empty symbols are measured after
SR844 LIA. In this later case, the noise spectral density could be limited by the
dynamic of the used LIA. In all the following, we will consider experimental
NSD measured as filled symbols.
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Figure 6. Theoretical (line) and measured (symbols) sensitivity after
demodulation, expressed at the sensor output, in V/T versusresistor value,
R1, at an excitation amplitude,eg1 , of 1Vpeak. Each curve corresponds to
one of the four available configuration (A, B, C, or D).

becomes too large and leads to non-linear GMI behavior with
some distortion. Nevertheless, previous work on non-linear
GMI [20] suggests that the sensitivity will be maximum when
sensing element is operated in the low non-linear range, just
before the sensitivity starts to decrease. As a consequence, the
best signal to noise ratio may be obtained at higher excitation
current. However, this is not considered in the present model.

The model proposed here has been confronted with a series
of noise measurements carried out on CoFeSiB microwire in
the four configurationsA, B, C, and D. The experimental
details are given in Section II. The results are indicated bythe
symbols for each curve of Figs. 5 to 7. The good agreement
between measured data and the model suggests that the overall
approach to noise modeling is sound and that the model
includes the essential mechanisms limiting the performance of
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Figure 7. Theoretical (line) and measured (symbols) equivalent white
magnetic noise spectral density at the sensor output, in T/

√
Hz versus resistor

value,R1, at an excitation amplitude,eg1 , of 1Vpeak. Each curve corresponds
to one of the four available configurations (A, B, C, or D).

our GMI sensor. It also confirms, a posteriori, our assumption
that the noise performance of the proposed design is still
limited by electronic conditioning.

V. NOISE IMPROVEMENT

In the previous section, we considered a static working
point,B0, at which theZij0 are equal to their half maximum
values. This choice is appropriate for validation of the model
and discussion of the four configurations. Nevertheless, there
is a small field range around this working point,B0, in which
the impedance variation is essentially linear. In other words,
we may assume that the differential impedance variation,
∂Zij(B)

∂B

∣

∣

∣

B=B0

, remains constant in this range whereasZij0

varies withB0. From Eqs. 6a to 6d, we note that the values
of Zij0 affect the contribution of generators noise to the
equivalent output NSD. These static values likewise affectthe
sensitivity as shown in Eqs. 8a to 8d.

Using the noise model developed here, we can evaluate the
equivalent magnetic NSD at each limit of the linear range,
defining a range of achievable values surrounding the curves
of Fig 7. This is shown in Fig. 8.

Figure 8 clearly shows that improved noise performance
may be obtained, in particular for theB configuration (GMI→
Coil) for which a decrease inZ210 leads to a decrease in
generator noise, the dominant noise source at high excitation
current. This is confirmed by experimental measurements, as
shown in Fig. 8, which compares results for the half maximum
static working point (squares) with a static working point
with a lower value ofZ210 (circles). As expected, there is
a significant decrease of the equivalent magnetic NSD for the
lowest values of excitation resistorR1. The best measured
value, around1 pT/

√
Hz, is not as good as expected. Indeed,

for highest excitation current we cannot reach a value ofZ210

as low as expected without decreasing the sensitivity.

VI. CONCLUSION

Following our earlier finding, that the GMI-coil configu-
ration (Case B above) constitutes a promising approach to
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Figure 8. Theoretical (line and area) and measured (symbols) equivalent
white magnetic noise spectral density expressed at the sensor output, in T/

√
Hz

versus resistor value,R1, at an excitation amplitude,eg1 , of 1 Vpeak. Each
curve corresponds to one of the four available configurations (A, B, C, or
D). Colored areas illustrate achievable values for the static working point
range in which the differential impedance variation is constant. Square and
circle symbols indicate measured values in configurationB, for two different
static working points,B0. The squares correspond to the working point of
Fig. 7, and the circles to a lower value ofZ210

.

increasing the sensitivity of GMI effect sensors [14], we have
demonstrated here that the noise performance may also be
improved with this configuration. Indeed, our model allows us
to understand the noise behavior with respect to four electronic
conditioning configurations.

The good agreement between the model and experimental
data validates our general approach. It thus allows us to
extrapolate the results to other conditioning approaches and to
predict the expected performance. For the present setup, the
model leads to the determination of the most appropriate con-
ditioning, providing the best possible performance for a given
sensor configuration. It also highlights the dominant noise
sources and limitations of GMI magnetometers. In the current
state of the art, the noise performance of GMI magnetometers
appears to be limited by that of the exciting generators. White
noise levels as low as1 pT

√
Hz have been obtained in this non-

optimal conditioning configuration, leaving room for further
improvement.
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