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A Man-Portable Magnetoelectric DC Magnetic
Sensor With Extremely High Sensitivity

Ying Shen, Dingyi Ma, and Junqgi Gao

Abstract—This letter presents an advanced 3-axis
portable dc magnetic sensor unit consisting of magneto-
electric (ME) composites and a custom lock-in amplifier
circuit, which has extremely high sensitivity and detec-
tion resolution. The Metglas/Pb(Zr,Ti)O3 ME composites
driven by a lock-in amplifier circuit exhibit a high sensi-
tivity of 5 V/Oe. Moreover, the equivalent magnetic noise
of the unit is limited to 128 pT/,/Hz at 1 Hz. Therefore,
a dc magnetic field as small as 1 nT can be sensed directly
in the time domain. The entire 3-axis dc magnetic sensor is
portable and energy-efficient, making it promising for mag-
netic navigation applications based on sensing variationsin
the magnitude and orientation of local geomagnetic fields.

Index Terms— Magnetoelectric, magnetic sensor, lock-in
circuit, resolution.

|. INTRODUCTION

NIMAL behavioral studies have provided abundant evi-

dence for magnetic compass orientation and navigation
by sensing the magnetic field gradient of the Earth. Among
approximately 50 species, animals include birds [1], sea tur-
tles [2], and sharks [3]. Though the underlying biophysical
mechanisms remain elusive [4], animal capabilities have fueled
considerable interest in developing sensitive magnetometers
for geophysical measurements, which are often made in
remote areas of the world. Sensing devices involving opti-
cally pumped magnetometers and SQUIDs operated at liquid
nitrogen temperatures have the required sensitivity and are
used invariably [5]. In outdoor and underwater applications,
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however, the inconvenience of using such energy hungry and
bulky devices often outweighs the advantage of very high
sensitivity; alternative instruments, such as coil magnetometers
and fluxgates, are much more widely used [6]-[8]. However,
a price is paid for more convenient devices operating at room
temperature: the signal-to-noise ratio will inevitably degrade
as the handiness is enhanced.

This situation may be about to change dramatically,
however, with the advent of the giant magnetoelectric (ME)
effect observed in ME heterostructure composites [9]. In the
early 2000s, composites consisting of the rare-earth-iron alloy
Tb;_xDyxFe> (Terfenol-D) were theoretically and experi-
mentally proven to have a large ME effect [10], [11]. Since
then, various ME composite systems with high ME effect
have been reported [10]-[17], and technological ME devices
have been developed, in particular, AC and DC magnetic
sensors [20]-[22]. For example, extremely low noise AC
magnetic sensors were achieved with Metglas/Piezo-fibers
laminates [23], [24]; in addition, thin-film ME sensors
were designed and fabricated by MEMS technology for
chip level integrations [25]-[28]. Furthermore, polymer-
based ME composites were exploited to develop flexible
magnetic sensors [29], [30].

Despite this progress, multi-axis ME DC magnetic sensors
with compact size have not been well developed. For precise
orientation and navigation, there has been a critical need
to further improve sensitivity and detection resolution. Here,
we present a 3-axis highly sensitive ME DC magnetic sensor
through a combination of the giant ME effect and lock-in
amplifier circuitry. The unit is optimized with low energy
consumption of 300 mW, making it more practical for device
applications. The sensor shows a sensitivity of 5 V/Oe and a
high detection resolution of 1 nT. Such a portable magnetic
sensor is promising for application in electric compasses and
geomagnetic field sensing.

[I. DC MAGNETIC SENSOR DESIGN

A photograph of the 3-axis DC magnetic sensor developed
in this work is shown in Fig. 1(a). It contains three ME com-
posite units at the top and a lock-in amplifier circuit installed
in the base housing with batteries. The total size of this unit
is approximately 400 cm®. A driving inductance coil was
wrapped around each ME composite unit [31], as illustrated
in the insert picture of Fig. 1(a).

A. ME Composites
The laminated ME composites consisting of PZT
(Applied Ceramics Inc., China, piezoelectric coefficients:
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Fig. 1. (a) Schematic of the triple-axis DC magnetic sensor;
(b) ME voltage coefficients for the Metglas/PZT composites. The insert
is an illustration of the active mode of ME composites.

d3; = —270 pC/N, d3z = 550 pC/N) and Metglas foils
2605SA1 (Metglas Inc., US, magnetostrictive coefficient
A = 27 ppm) were fabricated in a sandwich structure. It is
critical to control the process precisely in order to obtain a
better ME coupling effect [32], [33]. In detail, five pieces
of 200 um thick PZT fibers were oriented along the long
axis to form a piezoelectric layer that was 1 cm wide and
4 cm long. Two interdigitated (ID) Kapton®-based electrodes
were then bonded to the top and bottom surfaces of the
piezoelectric layer in a multi push-pull configuration by using
epoxy (West System Epoxy 105/206 was mixed at mass ratio
= 5:1). The assembly was then placed in a vacuum bag and
subsequently evacuated. The epoxy can be cured at room
temperature for 24 hours. Three Metglas foils of 10 cm in
length and 1 cm in width were then laminated onto both the
top and bottom surfaces of the piezoelectric layer by using
the same epoxy. The ME composites were then cured at
room temperature for 24 hours by using the same vacuum
bag pressure method.

Fig. 1(b) shows the ME voltage coefficient apmg as a
function of Hy. for the three ME laminates. All three laminates
have similar ME coefficients under a DC magnetic field.
The amg increases linearly with increasing Hgc up to 3 Oe,
reaching a maximum value around ag = 18 V/cm-Oe. Please
note that the ME laminates have been designed to sense the
DC magnetic field; thus, the values of day g /0 Hy. are more
important compared to the maximum values of amgp [34].
Moreover, the induced voltage is independent of the Hyc
history, and nearly no offset value was found near Hyg. = 0 Oe.
In addition, as the direction of Hy. is changed, the output
signals change phase. Such phase shift could be potentially
used to distinguish the magnetic field orientation.

B. Lock-in Circuit

A lock-in circuit was designed to contain 3 independent
channels to drive inductance coils and simultaneously capture
the signals from three ME composites. The total size of the
circuit was 8 cmx6 cm. With respect to the circuit design,
low power IC chips were employed to control the total power
consumption to 300 mW, which allowed for the circuit to be
powered by two 5 v batteries.

Fig. 2 shows the functional blocks of the custom-designed
lock-in circuit. One of the most important parts is the analog
sine wave oscillator. In this design, a Wien bridge oscillator
circuit is implemented to generate the sine wave, driving
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Fig. 2. Schematic layout of the lock-in circuit design.

signals at frequency of 1 kHz (off resonance frequency) using
a 59 kohm resistor and a 2700 pF capacitor. The amplitude of
the driving signal can be modulated by the following analog
amplification circuit. Due to the nonlinear ME property, when
applying AC and DC magnetic fields to the ME composites,
an induced voltage is obtained [35]:

Viyginear a2 aptinear s Hye x HoesinQaf x t+61) (1)

where V/{,,Vg"””e“’ is the output of ME composites, aﬁ%””"ear is

the nonlinear ME coefficient, Hy. is the DC magnetic field to
be measured, H,. is the AC magnetic field generated by the
induction coil, f is the driving frequency at 1 kHz, and 6 is
the phase of the driving signal.

The output signal Vﬁg”””ear was captured by the lock-in
circuit and then demodulated using an AD835 multiplier with
the help of a reference signal provided by the oscillator, which
can be expressed as:

Nonlinear Nonlinear
Vsignal = Vg X Vier = ayp x Hg.

X HyesinQr f x t +01) x AsinQa f x t + Oryp)

1 .
=5 X a%OE”l’”e“’ X Hge X Haqe X A x cos(f1 — Orer)
1 ,
_ E AI\/;%nlmear X Hge X Hye
X Acosm (2f) x t + 01 + Orp) 2)

where Vjjgnq is the output signal after demodulation, A is
the amplitude of reference signal, and 0, is the reference
signal phase. Clearly, the signal contained one DC and one
2 kHz component after demodulation. To obtain the desir-
able DC component, a low pass filter with cutoff frequency
of 1.5 Hz was designed to reject the high-frequency parts.
Thus, the relationship between the applied DC magnetic field
and the output signal is V,,; = S X Hy., where S is defined
as the sensitivity in V/Oe.

[1l. RESULTS AND DISCUSSIONS
A. Sensitivity and Noise

The sensitivity and noise power spectra density were first
characterized. Fig. 3 (a) shows the sensitivity values for the
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Fig. 3. (a) Sensitivity of the 3-axis DC magnetic sensor: the scatter
points are experimental data, and the solid lines indicate their linear fitting
results; (b) Equivalent magnetic noise of the DC magnetic sensor.

X-, y- and z-axis of the magnetometer. The scattering points
refer to the measured data, and the solid lines were the
linear fitting curves of the data. The magnetometer displays
show the desirable linearity as a function of the external
DC magnetic field in the range of —0.1 to 0.1 Oe. In particular,
the sensitivity values of each orthogonal transducer unit were
determined to be 5.15, 4.53 and 6.16 V/Oe. This result rep-
resents a remarkable 200 times enhancement compared to the
reported Metglas/Polymer ME DC magnetic sensor [36] and
a 30 times increase relative to the Metglas/PZT sensor [34].
The extremely high sensitivity is due to enhanced magnetic
flux concentration effect originated with the long Metglas
foils [34] and the high amplification gain of the lock-in
circuit. Fig. 3(b) shows the measured magnetic noise density
as well as the fitting curve modeled by employing equation
Npsp = Nmag@lHZ/fB, where Npsp is the fitting noise
spectrum, Nyqe@1H; 1s the magnetic noise density at frequency
of 1 Hz, f is the frequency, and B is the frequency index that
indicates the noise attenuation rate as increasing frequency.
By fitting the measured data, Npeg@1n; Was determined to
be 128 pT/ /Hz, and the frequency index B was found to
be 0.56, which implies that the low-frequency noise was
dominated by 1/f noise. Based on the classic noise theory
of 1/f noise [37], the root mean squared (RMS) noise Nrms
can be calculated by:

fu

Nrms = Nimag@1Hz X /In A (3)

L
where fg and fr refer to the up and low limit of the working
frequency (taken here to be fg = 1.5 Hz and fi = 1 mHz),
respectively. Based on (3), the Nrwvs is calculated to be 0.4 nT,
thereby implying a minimum 0.8 nT theoretical detection
resolution of the sensor, given that the SNR is 2.

B. Resolution

The magnetic resolution of the ME DC magnetic sensor
was then characterized; small DC magnetic field variations
were applied along the long axis of one ME composite
through the H-coils driven by a waveform generator. A small
step-function voltage output of the sensor was detected with
SNR=2 during measurement.

Fig. 4 shows the induced output voltages from the
x-component of the sensor in response to the small magnetic
field changes. The DC magnetic field variations A Hg. as
small as 1 nT could be detected, which are very close to the
calculated minimum detection resolution value of 0.8 nT. Note
that the y and z components show similar results, which were
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Fig. 4. Resolution of the DC magnetic sensor in response to small
DC magnetic field changes. A small DC magnetic field of 1 nT is applied
by the H-coils.

TABLE |
COMPARISON WITH OTHER RELATED SENSORS
Sensitivity Resolution
Technology Package (V/G) (nT) Ref
Hall sensor (AKM
EQ-430L) Standalone - 15000 Datasheet
TMR(NXP
MAG3110) Standalone - 250 Datasheet
AMR(MEMSIC
MMC 5883MA) Standalone - 40 Datasheet
Microfluxgate(TI
DRV425) Standalone - 17 Datasheet
ME(Metglas/FeNi/
PZT-5A) Test Bench - 7 Ref[39]
ME(Merglas/PZT) Test Bench  0.17 5 Ref[34]
Polymer
ME(Metglas/PVDF) Standalone 1.5 70 Ref[40]
ME(Merglas/PZT) Standalone 5 1 This
work

not illustrated here. This is a 6 times greater field detection
ability than the previously reported ME DC sensors [34]. Due
to the identical increase and decrease in change manners,
the sensor also exhibits great repeatability and no hysteresis.

As shown in Table I, the proposed sensor shows excellent
sensitivity and resolution compared to ME-based magnetic
sensors and other MEMS sensors. Although some ultralow
noise fluxgate magnetometers have lower noise floor [38], such
as MAG-03 (Bartington), TFM100 (Billinsley), the 1 nT effec-
tive detection resolution poses such ME DC magnetic sensors
as viable competitors for opportunities in low cost and sensi-
tive vector magnetometers.

IV. CONCLUSION

In summary, an advanced 3-axis ME DC magnetic sensor
has been developed, which has compact size and low power
consumption. The sensitivity of the magnetic sensor can reach
as high as 5 V/Oe, and the noise density is measured to
be 128 pT/rtHz at 1 Hz. The sensor has effective detection
resolution of AHg. = 1 nT, which is a direct consequence
of its merit of high sensitivity and the low self-noise. Such
ME DC magnetic sensor is an excellent candidate for sensors
with high sensitivity and resolution for weak magnetic field
detection applications.
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