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Abstract
Laminated composites of magnetostrictive and piezoelectric layers have been developed for
their magnetoelectric (ME) product tensor properties. In spite of the considerable progress in
materials aspects, little attention has been given to ME laminate incorporation into a detection
technology. Here, we present a ME technology including the laminate equivalent model,
detection circuitry consideration and noise mitigation for ME laminate sensors operated at
quasi-static (�10 Hz) frequencies. We then constructed a passive magnetic field prototype
sensor unit and detected a 2.6 nanotesla magnetic signal at 1 Hz frequency.

Keywords: magnetoelectric laminate sensor, quasi-static, modeling, nanotesla, low noise
system

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The magnetoelectric (ME) effect is defined as the polarization
induced by a magnetic field (H) or the magnetization induced
by an electric field (E) [1]. Composites consisting of
magnetostrictive layers laminated together with piezoelectric
ones have large ME effects, and have recently been the focus
of investigations [2–9]. When an ac magnetic field (Hac)
is applied to these laminates, the magnetostrictive layer(s)
elastically forces the piezoelectric layer(s) to strain, generating
a piezoelectric charge.

To date, a number of investigations on the material aspects
of the product tensor properties of ME laminates have been
reported [4, 6, 10]. Applications in magnetic moment sensing
via induced charge/voltage changes have been discussed [11,
12]; however, little attention has been given to the important
considerations of the incorporation of the ME laminate in the
circuit. Here, we present investigations of the ME laminate
equivalent model, detection methodologies and circuit noise—
emphasis is given to the sensing of quasi-static magnetic
anomalies by a small battery operated device.

2. Equivalent model at low frequency and
low Hac ac magnetic field

We constructed a piece of Terfernol-D/Pb(Zr,Ti)O3 (PZT)/
Terfernol-D laminate operated in a longitudinal
magnetization–transverse polarization (L–T) mode, as
illustrated in figure 1. The laminate plane is in the (1, 2) plane.
The PZT plane is polarized along the transverse direction
(axis 3), while the Terfernol-D pieces are magnetized along
the longitudinal direction (axis 2).

The piezoelectric PZT layer was an APC PZT-850 of
dimensions 30 × 6 × 0.5 mm3. The volume resistivity of the
PZT layer was ρ > 2 × 1012 � m and its capacitance was
∼3.8 nF; the sizes of the magnetostricitve Terfenol-D layers
are 30 × 6 × 1 mm3; and these layers were elastically bonded
together using a high-strength epoxy.

The magnetostriction λ of Terfenol-D depends on H 2,
given as

λ = 1.5λsµ
2
r M

−2
s H 2 = kH 2 (1.1)

where λs and Ms are the saturation magnetostriction and
magnetization, respectively; and µr is the weak-field relative
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Figure 1. Structure of Terfernol-D/PZT/Terfernol-D.

Figure 2. Equivalent ME laminate model at low frequency low
applied ac magnetic field.

permeability of the magnetic phase, which is constant under
small Hac [13]. When an applied Hac is much smaller than
a simultaneously applied dc magnetic bias (Hdc), an effective
piezomagnetic deformation is induced by Hac, which can be
obtained by the differentiation of (1.1) with respect to H,
given as

δλ

δH
∼= 2kHdc. (1.2)

In our laminate of figure 1, small magnetostrictive
deformations (δλ) will elastically strain the piezoelectric layer
(i.e., linear boundary condition). This results in a linear
polarization change δP in the piezo layer and an induced charge
δQ = δPS (where S is the piezo-plate’s surface area) across
the piezo layer. Accordingly, the H-induced charge (δQ) is
given as

δQ = α · δH = α · δH (2)

where α is a constant at low Hac and low drive frequency.
From this equation, we can see that there should be linearity
between the induced charge δQ and a small Hac. A
maximum piezomagnetic coefficient will occur when µr is a
maximum in the M–H curve (i.e., where the slope is highest):
correspondingly, a maximum in the H-induced charge across
the piezoelectric layer will also occur.

The piezoelectric layer of the ME laminates is capacitive,
meaning we can consider the laminate as a capacitive source
sensor. At low frequencies, a capacitive source sensor can
be represented by a parallel equivalent circuit model, where a
capacitor is in parallel with a large resistor [14]. Combining
this approach with (2) above, we can simplify the equivalent
circuit models for ME laminates for the case of low frequency
ac magnetic fields, as given in figure 2, where C0 and R0 are
the capacitance and resistance of the laminate, respectively,
which are the same as those of the piezo layer. Since α is
independent of the frequency in the sub-resonant range, this
equivalent circuit can be used to linearly model the charge
induced across the piezoelectric layer by low-frequency small
ac magnetic fields in a time-domain mode, i.e., Q(t) = αH(t).

Figure 3. Equivalent detection circuit.

3. Low frequency detection considerations

Often, the ME effect in laminates has been reported as an
H-induced voltage output from the piezo layer(s) [2–10]. This
is consistent with (2), as the induced charge is proportional to
the output voltage when the piezo layer(s) is open circuited,
i.e., V = Q/C. However, in reality, some limitations must
be imposed, as (i) any detection circuit will introduce some
impedance, and thus the output voltage will not truly be
measured in open-circuit conditions; and (ii) R0 of the piezo
layer is large and finite, but not infinite, and thus some leakage
current will flow across the piezo layer at low frequencies,
introducing error or drift into the measured value of the ME
charge or voltage.

In the direct measurement method where the output of
the ME sensor is directly connected to the oscilloscope (or
some other similar instruments), the equivalent circuit can be
depicted as given in figure 3, where Cs is any stray capacitance
introduced by detection cables, R1 and C1, respectively,
are any input resistance and capacitance introduced by the
oscilloscope.

The Laplace transform of the H-induced current I (t) can
then be expressed by

I (s) = L(I (t)) = L

(
dQ(t)

dt

)
= sQ(s) − Q0(s)

= sαH(s) − H0(s) (3.1)

where s = σ + jω is a complex frequency in complex nepers
per second; here σ is the neper frequency in nepers per second
and ω is the angular frequency in radians per second; L(∼)
is the Laplace transform operation; and Q(s) and H(s) are the
Laplace transforms of Q(t) and H(t), respectively. We can then
choose the initial boundary condition in the s domain to make
H0(s) = 0 in equation (3.1). Thus, the transfer function H1(s)
between the output voltage Vo(s) and the input ac magnetic
field H(s) is

H1(s) = Vo(s)

H(s)
= sαR′

1 + sR′C ′ , (3.2)

where R′ = R0R1/(R0 + R1) and C ′ = C0 + C1 + Cs. Following
(3.2), a Bode plot for |H1(jω)| is given in figure 4, where we
can see that there is a zero point at s = 0 and a pole at s =
1/R′C ′.

2
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Figure 4. Bode plot for H1(s).

Figure 5. ME direct measurement and theoretical predicted result.

A high cut-off frequency, fh, above which the ME
response is flat, can be calculated as fh = 1/(2πR′C ′). For the
sample in figure 1, this high cut-off frequency is theoretically
predicted to be about 4 Hz. However, in prior studies, this
cut-off frequency is not reached until the Maxwell–Wagner
relaxation region [15], which is in the µHz range for PZT850.
To test our prediction, a direct measurement was carried out
by placing the ME sensor at the center of a Helmholtz coil
and by applying a small ac magnetic field (Hac) along the
longitudinal direction of the sensor. A dc magnetic bias
(Hdc) was superimposed on Hac along that same direction.
The voltages induced across the PZT layer(s) were then
measured by an oscilloscope. The experimental results and
a theoretical prediction are given in figure 5. We can see
that the experimental results match the predicted one quite
well. The upper and lower limit curves in this figure that
represent what we might consider good (10 nC Oe−1) and bad
(10 pC Oe−1) values for ME coefficients are also illustrated.
Our finding shows that the ME model of figure 2 is quite
suitable for real detection circuitry considerations.

Another method for ME sensor detection is the use of a
differential (or instrumentation) amplifier. The choice of the
differential amplifier is restricted by the bias current Ib. The
dc resistance R of the ME sensor in figure 1 is greater than 3 ×
1012 �, and the bias current Ib should satisfy the following
requirement:

Ib � G
Vs

R
, (4.1)

where Vs is the saturation output voltage of the instrumentation
amplifier and G is the gain of the amplifier. Generally, Vs is
about several volts (we choose Vs = 3 V for convenience)
and G is generally greater than 10. So Ib should be much
less than 100 fA based on equation (4.1). For a higher G,
the requirement for Ib is more stringent—too much so for
a real integrated chip. A resistor with a lower resistance
should be paralleled with the ME sensor to reduce this critical
requirement of Ib. However, too large a resistance in this
parallel configuration will degrade the performance of the ME
sensor, since it will introduce Johnson noise which comes
from the thermal agitation of electrons in a conductor. The
rms Johnson noise voltage can be calculated by the following
equation [16]:

Vt =
√

4kT R	f (4.2)

where k is Boltzmann’s constant, T is the absolute temperature
in kelvin, R is the resistance of the resistor in ohm and 	f is
the noise bandwidth in hertz.

To achieve a flat ME response for the detection down to
1 mHz by the use of an instrumentation amplifier connected
to the ME sensor in figure 1, a resistance greater than 4.2 ×
1010 � is required to be put in parallel to the sensor, as given
by equation (3.2) and figure 4. This high resistance would
introduce Johnson noise with a spectral voltage noise density
of 26 µV Hz−1/2, which is too large and will deteriorate
the performance of the ME detection system (since most
instrumentation amplifiers will induce only tens of nV Hz−1/2

noise referred to the input). For ME sensors with lower
capacitance, a flat ME response at low frequency will require
even higher input resistances (a ME sensor with 10 pF
capacitance will require a parallel resistance of >16 T� for
fc = 1 mHz). In this case, the Ib requirement given by (4.1)
will be more stringent and for the requirement of a flat ME
response below 1 mHz, a larger parallel resistor will also be
needed; however, these will degrade the performance of the
ME detection system.

A third method for the ME sensor detection is the use
of a charge amplifier. The equivalent scheme for a charge
amplifier connected to a ME laminate sensor is given in
figure 6(a), where Ca and Ra are simply the input capacitance
and resistance of the operational amplifier (op-amp) and Cf is
the feedback capacitance. Because of the Miller effect, the
equivalent scheme can be redrawn, as given in figure 6(b),
where Cm = (1 + g)Cf and g is the open loop gain of the
op-amp. Ideally, g = ∞ but practically, it is finite (but
large) at low frequency. Because g is very large (∼105 at
low frequency), we have C ′ ≈ Cm. The transfer function is
then

H2(s) = s · g · α · R′

1 + s · R′ · (1 + g) · Cf

, (5.1)

where R′ = R0//Ra. The corner frequency is f1 = 1/

[2πR′(1 + a)Cf]. By assuming g = 105 V/V, Cf = 100 pF
and R′ > 1 T� (by choosing an op-amp with a high input
impedance larger than 1 T�), we can estimate the high corner
frequency to be as low as 1.6 µHz. However, there is also an
Ib consideration in charge amplifier design—as in figure 6(a),
the bias current Ib will saturate the op-amp’s output. This

3
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(a)

(b)

Figure 6. Equivalent scheme for ME laminate with a charge amplifier: (a) conventional representation and (b) simplification of scheme
using Miller effect.

saturation can be solved by (i) paralleling a large feedback
resistor Rf with the feedback capacitor Cf [17] or (ii) using an
auto-bias dc servo circuit [18]. Here, for simplification, we
have chosen the first.

To acquire a flat ME response down to 1 mHz, Rf should
be chosen to satisfy the following

1

2πRfCf
< 1 mHz. (5.2)

For Cf = 100 pF, Rf should be chosen to be larger than 1.6 T�;
for Cf = 1 nF, Rf should be chosen to be larger than 160 G�.
Furthermore, the requirement for the op-amp’s bias current Ib

to avoid saturation should satisfy the following

Ib � Vs

Rf

, (5.3)

where Vs is the saturation output voltage of the op-amp (we
choose Vs = 3 V for convenience). For R = 1.6 T�, Ib

should be less than 2 pA; for R = 160 G�, Ib should be
less than 20 pA. From the above analysis, we can see that
the Ib requirement of the charge amplifier is much lower
than that of the instrumentation amplifier. Furthermore, R =
1.6 T� introduces thermal noise with a spectral current
noise density of about 0.1 fA Hz−1/2 which is much lower
than the spectral current noise density of most operational
amplifiers. Accordingly, the introduction of this high value
feedback resistance will not degrade the performance of the
ME detection system. Furthermore, we can also see that the Ib

requirement will not change even if we use the charge
amplifier detection method with ME sensors having much
lower capacitances (such as 10 pF). In a prior report, we used
a charge method to detect the ME signal down to frequencies
in the milli-Hz range [19].

From the above analysis, we can see that a charge scheme
for a ME laminate sensor is superior for the detection of

magnetic field variations at low frequencies. Using said
detection circuitry, the frequency response characteristics of
ME laminates are flat for frequencies down to 1 mHz, that
is without introducing significant noise and increasing the
requirement of the ME sensor capacitance. Such low noise
flat ME response characteristics are essential for magnetic
anomaly detection in the quasi-static frequency range.

4. Noise considerations in the ME laminate
detection by a charge amplifier

Let us then consider the modification of the low frequency
equivalent circuit of figure 6(a) by inclusion of an ultra-low
bias-current op-amp. Figure 7(a) shows such an equivalent
scheme, where Ri = R0Ra/(R0 + Ra) is the lumped parallel
resistance, Ci = C0 + Cs + Ca is the lumped parallel capacitance,
and R1 and C1 are the feedback resistance and capacitance of
the op-amp, respectively. The transfer function H3(s) of the
output voltage Vo(s) to the input ac magnetic fields H(s) of the
equivalent scheme in figure 7(a) can be given as

H3(s) = Vo(s)

H(s)
∼= α · s · R1

1 + s · R1 · C1
. (6)

For f > f1, the high frequency gain is |H(s)| = α
C1

. To
achieve a high gain, C1 should be small, but yet too small a C1

will increase the low corner frequency f1. In order to avoid
stray capacitance and equivalent noise, Cf should be at least
�10 pF [20].

We next performed an equivalent noise analysis of the
scheme in figure 7(a), as illustrated in the model of figure 7(b),
where ini and in1 are the spectral current noise densities of the
ME sensor and R1 respectively; and in and en are the spectral
current and voltage noise densities of the op-amp, respectively.
The spectral current noise densities of the various resistors can

4
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(a)

(b)

Figure 7. (a) Equivalent scheme for low frequency ME laminate
detection using op-amp and (b) the noise model of this equivalent
scheme.

Figure 8. Equivalent scheme, including a low-pass filter.

be assumed here to be constituted of only thermal noise, given
as in = (4 kTR−1)0.5 [16]. The values of in and en can be
acquired from the op-amp datasheet; we recommend FET-
type input op-amps, both for their low bias current Ib and low

(a)

(c)

(b)

(d)

Figure 9. Bode plots of (a) |Hs(s)|, (b) |Zn(s)|, (c) |An(jω)| for RiCi > R1C1 and (d ) |An(jω)| for RiCi < R1C1.

current spectral noise density in in this high impedance source
sensor measurement.

There are two noise gains to be concerned within the
scheme of figure 7(b): one is the current noise gain Zn1(s) for
the spectral current noise density of ini, in1 and in and another
is the voltage noise gain An1(s) for the spectral voltage noise
density en. The gains Zn1(s) and An1(s) can readily be shown
to be

Zn1(s) ∼= R1

1 + s · R1 · C1
(7.1)

An1(s) ∼= 1

β(s)
=

(
1 +

R1

Ri

)
· 1 + sR′C ′

1 + s · R1 · C1
, (7.2)

where β is a feedback factor of the circuit and R′ = R1Ri/

(R1 + Ri) and C ′ = C1 + Ci. To restrict noise amplification
and stabilize low-frequency detection capabilities, we next
introduced a low-pass filter on the output side, as illustrated
in figure 8. The transfer function Hs(s) of the signal in the
scheme of this figure, including the current noise gain and
voltage noise gain given in (7.1) and (7.2), now becomes

Hs(s) = Vo(s)

H(s)

∼= −α · R3

R2
· s · R1

(1 + s · R1 · C1) · (1 + s · R3 · C3)
(8.1)

Zn(s) = −R3

R2
· R1

(1 + s · R1 · C1) · (1 + s · R3 · C3)
(8.2)

An(s) = −R3

R2
·
(

1 +
R1

Ri

)

· 1 + sR′C ′

(1 + s · R1 · C1) · (1 + s · R3 · C3)
. (8.3)

The Bode plot for |Hs(jω)| is given in figure 9(a).
Inspection of this figure will reveal that the bandwidth of ME

5
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(a) (b)

Figure 10. Typical spectral noise density of a FET: (a) voltage and (b) current.

detection is restricted to 1/(2πR1C1) < f < 1/(2πR3C3), i.e.,
there are both low and high corner frequencies. Bode plots
of the noise gain |Zn(jω)| are given in figure 9(b) and those of
|An(jω)| in figures 9(c) and (d) for the conditions RiCi > R1C1

and RiCi < R1C1, respectively. Generally, RiCi is larger than
R1C1 for ME laminate detection, meaning that we only need
to consider the case of figure 9(c) where

H0 = R3

R2
· α

C1
, Z0 = R3

R2
· R1,

A01 = R3

R2
·
(

1 +
R1

Ri

)
and A02 = R3

R2
·
(

1 +
Ci

C1

)
.

To achieve the lowest signal detectivity, we can fix the
signal gain H0, and then consider the noise gain Zn or An.
The only component we can adjust is R1 as we fixed H0;
however, from figures 9(b) and (c), we can see that the choice
of a suitable R1 is not easy. To solve this problem, we need
to consider the total expression for the noise and find its
minimum. As we have mentioned above, a FET type op-amp
is the best choice in such designs. Spectral noise densities
for en(f ) and in(f ) are illustrated in figure 10 and can be
given as [16]

en = enw

(
1 +

fce

f

)1/2

; in = inw

(
1 +

f

fci

)1/2

, (9)

where enw and inw are the white noise floors and fce and fci are
the corner frequencies.

For a spectral voltage noise density eni(f ) with a noise
gain of An(jf ) and a spectral current noise density ini(f ) with
a noise gain of Zn(jf ), the output RMS noise contributions
from these two sources can be independently calculated to be
[16, 17]

Enoe =
(∫ fH

fL

|An(if )|2e2
ni(f ) df

)1/2

(10.1)

Enoi =
(∫ fH

fL

|Zn(if )|2i2
ni(f ) df

)1/2

. (10.2)

The total RMS noise can then be calculated from the root-
square summation of the noise sources [16]; we assume here
that the noise sources are uncorrelated. The total output RMS
noise is

EnoT =
√

E2
noe + E2

noi

=
(∫ fH

fL

|Zn(if )|2i2
ni(f ) df +

∫ fH

fL

|An(if )|2e2
ni(f ) df

)1/2

= R3

R2
×




∫ fH

fL

∣∣∣∣∣
R1(

1 + jf
f1

) · (
1 + jf

f3

)
∣∣∣∣∣
2 [

4kT

R1
+

4kT

Ri

+ i2
nw

(
f

fci
+ 1

)]
df +

(
1 +

R1

Ri

)2

· e2
nw

·
∫ fH

fL

∣∣∣∣∣
1 + jf

f ′(
1 + jf

f1

) · (
1 + jf

f3

)
∣∣∣∣∣
2 (

fce

f
+ 1

)
df




1/2

(11)

where f1 = (2πR1C1)−1, f3 = (2πR3C3)−1, f ′ = (2πR′C ′)−1,
R′ = R1Ri/(R1 + Ri) and C ′ = C1 + Ci. For a finite measurement
time Tm, we can approximate fL = 1/Tm. From (11), we can
see that EnoT is decreased when inw(enw,ce) decreases or when Ri

(fci) increases. Thus, we can see that the noise of a magnetic
field detection system can be lowered by choosing an op-amp
with low inw(enw,ce) and high fci, or by designing a ME laminate
with higher dc resistance.

5. Prototype unit

We then constructed a prototype ME detection system
consisting of the low noise detection circuit that we designed
in figure 8 and a ME laminate sensor configuration that we
constructed in figure 1. The PCB prototype is constructed by
using the etching method and can be referred to [21]. The
detection scheme was based on the charge amplifier method of
sections 3 and 4. A photograph of this passive magnetic field
detection system is given in figure 11.

We chose a polypropylene capacitor for C1, due to its
very low leakage current and lack of memory effect at low
frequencies. The following values are typical of the electrical
parameters used in the detection circuit: C1 = 100 pF, R2 =
1 k�, R3 = 100 k�, C3 = 100 nF. We chose LMC660 as
the main chip due to its high performance and inexpensive
nature. A ME sensor is held in a Teflon tube here to prevent
the leakage current. The output of figure 8 was followed by a
circuitry with a gain of 10 that was used to amplify the output
signal which was then fed into an oscilloscope (obscuring
the oscilloscope’s input noise); a fourth-order Butterworth
low pass filter with a corner frequency of fc = 11 Hz was

6
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Figure 11. Photograph of the prototype ME detection system.
A: batteries (below the PCB board); B: optimized dc magnetic bias
(NbFeB); C: Teflon tube (ME sensor is held inside); D: aluminum
box; E: low noise charge amplifier; F: output jack; G: power switch.

Figure 12. RMS noise EnoT as a function of input resistance R1.

also introduced at the output of figure 8, further reducing the
60 Hz noise. The measurement time was set as Tm = 10 s. We
can then plot the total RMS noise EnoT of equation (11) as a
function of the input resistance R1 over the range of 109 � <

R1 <2 × 1012 �, as illustrated below in figure 12. From this
figure, we can see that EnoT initially increases with increasing
R1, subsequently reaching a maximum at a value of R1max ≈
1.3 × 1010 � and then decreasing with further increment
in R1.

A flat ME response requires that R1 should satisfy the
condition that R1 < 1/(2π fC1), where f is the high corner
frequency: for f = 1 mHz, this requires R1 > 1.6 T�.
Combining this with figure 12, we can determine that the
larger the value of R1, the lower EnoT becomes. However,
the limitation of Ib (discussed in section 3) requires that R1

should not be greater than 1 T�. This design consideration
is good in a laboratory environment, where vibration damping
and shielding systems are available [19]; however, for practical
(real world) usage, the choice of too large of an input resistance
R1 (� T�) will allow for the introduction of more low
frequency environmental noise (i.e., vibration, pyroelectric
effect, etc). As an alternative to help with the rejection
of environmental noise sources, we could lower the choice
of input resistance to R1 = 1 G�. However, this in turn
would deteriorate the low frequency performance of the ME
detection system, although the methodology would still be
viable for >1 Hz. In this regard, the design considerations are
a compromising situation.

Figure 13. ME response of the ME unit.

Figure 14. Output noise level of the detection circuitry and ME unit
(circuit + sensor).

The detection circuitry we chose for the prototype of
figure 11 was based on these compromised design
considerations for R1. The ME output voltage and phase
(with respect to the drive frequency) for this more practical
alternative design (R1 = 1 G�) are shown in figure 13,
where a high pass filter (following section 3, figure 8) with
a corner frequency of fc1 = 0.16 Hz was applied after the
output, reducing further the low frequency environmental
noise. During the measurement of the complex ME response
[5, 6, 9, 19], an electromagnet was used to apply Hdc; a pair
of Helmholtz coils was used to generate a small Hac; and the
induced voltage was measured by a lock-in amplifier. As can
be seen from figure 13, the ME response decreased notably
outside the frequency range of 1–10 Hz, and also the phase
shift became more pronounced with increasing frequency.

We next measured the output voltage noise level from
the detection circuit (disconnected the ME sensor) and the ME
detection unit (circuit and sensor), which are given in figure 14,
respectively. The RMS values of the equivalent output voltage
noises were 8 mV and 30 mV respectively, using a crest factor
of 5 to relate peak-to-peak and RMS values. From figure 12,
we can then estimate that the equivalent RMS output voltage
noise of the ME detection system excluding environmental
noise should have been about 9 mV, which is notably less
than the measured value. This discrepancy between the
measured noise floor and our prediction shows that other
intrinsic (radiation, dielectric loss, etc) and environmental
(vibration, pyroelectric, etc) noise sources act on our ME
sensor unit: introducing ∼3× more noise than that of the
detection circuitry, which we did not consider in equation (11).
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(a)

(b)

(c)

Figure 15. Response of system to different sinusoidal magnetic
input signals: (a) 0.1 Hz, 26 nT input; (b) 1 Hz, 2.6 nT input;
(c) 10 Hz, 2.6 nT input.

Further research needs to focus on considerations of the
rejection of environmental noise, and subsequently on
improved detection circuitry optimization.

Finally, we determined the sensitivity limits of our ME
sensor unit to small variations in magnetic fields. To do
this, we measured the voltage induced on the ME unit in
response to an applied ac magnetic field in a time domain
capture mode. These measurements were made outside a
magnetically shielded environment, simply by taking the
output voltage from the sensor unit (see figure 11) and inputting
it into an oscilloscope (consistent with the noise analysis given
above in sections 3 and 4). Measurements were made at
various measurement frequencies. The response of our ME
detection system (see photo in figure 11) to small magnetic
field variations of 2.6 nT at 1 Hz and 10 Hz and of 26 nT
at 0.1 Hz are then given in figure 15. These data represent a
conservative estimate of the sensitivity limit of our ME sensor
unit to small magnetic field variation that could be detected
with a high degree of confidence at the respective frequencies
in a time domain capture mode, without signal averaging or
referencing to a known phase. We also did the simple tests
(data not shown) of measuring the peak-to-peak voltage noise
of the detection circuitry (without ME laminate) under large

magnetic field environment (1 mT) in a time domain capture
mode: as expected, the results were similar to those shown
in figure 14 (top); this gave us confidence of good magnetic
inertness of the circuit. Comparisons of the data in figure 15
to the peak-to-peak voltage noise of figure 14 (bottom) (for
the ME sensor unit) clearly demonstrate the ability of our ME
sensor unit to detect minute magnetic field variations using the
charge amplifier scheme presented in sections 3 and 4.

6. Summary

Here, we have presented a ME detection technology including
ME laminate equivalent circuit model, detection circuitry and
noise mitigation for sensing small magnetic field variations
of quasi-static frequencies. With regards to the detection
circuitry, we have shown that a charge detection methodology
is more effective than a voltage one. Using said detection
circuitry, the frequency response characteristics of the ME
unit are flat for f > 1 mHz. With regards to noise mitigation,
we have developed an effective equivalent scheme which
limits the bandwidth to a suitable range for the detection of
small magnetic anomalies of low frequencies in a time-domain
capture mode. We then constructed a prototype unit, and our
ME prototype unit can detect a magnetic signal as small as
2.6 nT at a frequency of 1 Hz. This technology is small and
passive.
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