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In this study, an anisotropic magnetoresistance (AMR) vector magnetic gradiometer with
adjustable gradient sensitivity was developed to measure the magnitude of the vector magnetic
field gradient. First, two AMR chip sensors were used to construct the measurement probe of the
magnetic gradiometer, and a signal-conditioning circuit based on proportional integral closed-
loop control was designed to create a vector magnetic gradiometer with adjustable gradient
sensitivity. Next, by using the circuit diagram of the AMR vector magnetic gradiometer, the
measurement principle of the AMR vector magnetic gradiometer was theoretically studied, the
relationship between the magnetic field gradient and the output voltage of the AMR vector
magnetic gradiometer was obtained, and the noise of the AMR vector magnetic gradiometer was
analyzed. Finally, a gradient test platform was constructed to test the magnetic field gradient
measurement performance of the AMR vector magnetic gradiometer. The experimental results
revealed that when the feedback resistance of the /I conversion circuit of the AMR vector
magnetic gradiometer is 200 Q, the noise level is 122.36 pT/Hz!/?
and gradient sensitivity are 0.9968% and 11.707 pV/(nT/m), respectively. The proposed
gradiometer can be used to measure the gradient of the input magnetic field, and its interesting

at 1 Hz, and the nonlinearity

application is the gradiometer to measure magnetic field anomalies in the presence of large
uniform magnetic field disturbances.

1. Introduction

As an effective means of magnetic anomaly detection, magnetic field gradient measurement
has been widely employed in earth resource exploration, biomagnetic field measurement,
nondestructive testing, unexploded ordnance detection, and magnetic potential detection and
detonators.(!~7) With higher standards for the detection sensitivity of magnetic anomalies in
science and engineering applications, the requirements for the sensitivity and noise of
magnetometers have been further increased.

Magnetic field gradient measurement involves two quantities: (1) the total-field gradient,
which is generally obtained by subtracting the measurement results of two total-field
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gradiometers separated by a certain distance, and (2) the vector-field gradient, which is usually
measured using a vector-field gradiometer. The spatial rate of change of the three magnetic field
components 7, 7}, and T’ of a magnetic field vector 7'is measured, with a total of nine elements
for the measurement of the magnetic field gradient tensor. Generally, a vector gradient
magnetometer is used to measure the magnetic field gradient tensor components.(®~19
Ichihara ef al. designed a total-field gradiometer for measuring magnetic card signals by using
two sets of optical pump probes and drivers combined with a signal processing unit. This
differential type of measurement eliminates the environmental magnetic noise and improves the
signal-to-noise ratio of the gradiometer system.!') To detect magnetic foreign bodies in lithium-
ion batteries, Tanaka et al. designed a dual-channel gradiometer system by using two SQUID
gradiometers combined with a cryostat to detect small iron particles (diameter < 100 pm).
Although a SQUID gradiometer has high measurement accuracy, its low-temperature use
environment makes the measurement process complex and expensive.(!?)

Elrefai et al. designed a plate-level fluxgate vector gradiometer with a gradient sensitivity of
3.77 uV/(nT/m) and a resolution of 0.39 nT/m; however, the sensor must be designed separately,
the gradiometer is difficult to mass produce, and measurement results are inconsistent.(!3) To
measure weak magnetic fields under unshielded conditions, Riveros et al. designed a vector
gradiometer by using giant magneto-impedance (GMI); when the probe baseline distance was
6 cm, the sensitivity was 5.94 puV/(nT/m) and a resolution of 833.33 nT/m within a 500 Hz
bandwidth was obtained.® To measure the geomagnetic field gradient tensor, Sui et al.
designed a magnetic field gradient tensor measurement system by using multiple fluxgate
gradiometers along with a calibration method; this improved the accuracy of each gradient
tensor component.(!>) Furthermore, to measure the magnetic field gradient tensor component,
Merayo et al. designed a vector gradiometer by using a dual-channel fluxgate and a spherical
feedback coil, achieving a gradient resolution of 0.1 nT/m.(!®) However, the dual-channel
structure of the gradiometer yields inconsistent measurement results.

In this study, an integrated AMR chip was used to design a low-cost gradient magnetometer
with adjustable sensitivity because it offers the following advantages:

1) The design complexity is low, thereby facilitating mass production.
2) The output sensitivity is adjustable.

2. Structure and Operation of Anisotropic Magnetoresistance (AMR) Vector
Magnetic Gradiometer

2.1 Sensor structure

The proposed AMR vector magnetic gradiometer consists of a gradient measurement probe
and a signal-conditioning circuit (Fig. 1). The size of the HMC1001 AMR chip sensor is 9.829 x
5.014 x 1.371 mm?3, and the chip comprises a Wheatstone bridge, an offset strap, and a set/reset
coil. The AMR chip sensors G| and G, are soldered on a 12-cm-long probe circuit board, and the
distance between G and G, is the baseline distance d (10 cm).

A schematic of the AMR vector magnetic gradiometer measurement is shown in Fig. 2. A
gradient magnetic field is generated around the energized straight wire, and the AMR vector
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Fig. 1. (Color online) Structure of the AMR vector magnetic gradiometer.

Long straight wire

Fig. 2. (Color online) Gradient measurement performed using the AMR vector magnetic gradiometer.

magnetic gradiometer is placed in the gradient magnetic field. The magnetic field gradient at the
midpoint of the G| and G, axes can be expressed as

0B B -B,
==, 1
ox d M

where B; and B, are the magnetic field strength of the energized straight wire at G; and G,
respectively.

2.2 Signal-conditioning circuit and its working mechanism

The signal-conditioning circuit of the AMR vector magnetic gradiometer consists of a
preamplifier module, a differential amplifier module, a synchronous detection module, an
asynchronous clock, an interal module, a V/I conversion circuit, and a low-pass filter (Fig. 3).

The dynamic waveform produced when the circuit is operational is shown in Fig. 4. The
working mechanism is as follows. Two preamplifiers amplify the weak voltage signal outputted
by the AMR chip sensor on the gradient measurement probe. The differential amplifier then
differentially amplifies the output of the two preamplifiers and outputs the integrated voltage
after phase-sensitive detection (PSD) and integration. The V/I conversion circuit converts the
integrated voltage into a feedback current and acts on the offset strap of the AMR chip sensor.
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Fig. 3. (Color online) Circuit diagram of the AMR vector magnetic gradiometer.
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Fig. 4. (Color online) Dynamic waveform of the AMR vector magnetic gradiometer.

The offset strap generates a feedback magnetic field By in the same direction as the measured
magnetic field B,. The resultant magnetic field expands and is affected by the output of the
feedback sensor. The output voltage of the differential amplifier gradually decreases, whereas
that of the integrating circuit continues to increase. When the integral voltage is increased to the
maximum value, the combined magnetic field of the feedback magnetic field B, generated by the
offset strap and the measurement magnetic field B, is the same as the measurement magnetic
field By; at this time, the output of the differential amplifier is 0 and the output voltage of the
interal circuit no longer increases. Furthermore, the magnitude of the integral voltage is
proportional to the feedback magnetic field AB.
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2.3 Measurement principle

The typical sensitivity of HMC1001 given in the datesheeet is 3.2 mV/V/Gauss, its sensitivity
is controlled by the bridge voltage V,,,, and when V. =5V, Sz = 16 mV/Gauss. As can be
seen from the circuit diagram of the AMR vector magnetic gradiometer (or AMR gradiometer)
in Fig. 2, the integral voltage V, is converted into the feedback current / by the /I conversion
circuit and the feedback current outputted by the V/I conversion circuit can be expressed as

I1=TV,R, @)

where R is the feedback resistance.
The relationship between the feedback magnetic field B; and the feedback current / can be
expressed as

B, = Ik, 3)

where k£ = 51 mV/Gauss is the coil constant of the offset strap.

Owing to the variation in the fabrication accuracy of the sensors, the sensitivity coefficient of
each sensor is different; to compensate for sensitivity bias, the gradiometer is placed in a
uniform magnetic field, and the gain of the preamplifiers P, and P, is adjusted to make the
differential amplifier P; output voltage V3 equal to zero. The adjusted gradiometer can be used to
determine the integrated voltage V'

Vi=kR(B) — By). )

By combining Egs. (1) to (4), we can determine the relationship between the magnetic field
gradient 7 and V; as

T=V,/kRd. )

According to Eq. (5), the gradient outputted by the gradiometer can be changed by adjusting the
feedback resistance R and the baseline distance d.

3. Noise Analysis

The gradient sensitivity can be improved by adjusting the gain multiple of the preamplifier or
the feedback resistance R. However, adjusting the gain and changing the feedback resistance
affect the circuit noise. Therefore, the noise of the AMR gradiometer circuit is analyzed. The
effects of changes in preamplifier gain and feedback resistance on the total noise of the circuit
are discussed here.

The noise of the AMR gradiometer circuit is caused by thermal, white, shot, and flicker
noises of the resistor. The noise sources primarily include the AMR chip sensor, preamplifier,
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differential amplifier, detection circuit, integrator circuit, and feedback circuit noises. To analyze
the effects of various noises in the AMR gradiometer on the circuit, a typical amplifier noise
model is used, which is combined with the AMR gradiometer circuit diagram depicted in Fig. 3,
to establish the noise model of the AMR sensor and amplifier, as shown in Fig. 5. The HMC1001
sensor comprises four bridge resistors. The noise added to the circuit is mainly the thermal noise
generated by the bridge resistor. Therefore, the sensor is equivalent to an ideal noise-free resistor
R, and a voltage source e, as the noise model, ¢, is the equivalent noise voltage source of the
thermal resistance noise, and e, and i, are respectively the equivalent noise voltage and
equivalent noise current sources of the amplifier.
The root mean square value for a noise voltage source can be expressed as

o= JAKTRAY . (©)

where K is the Boltzmann constant (1.38 x 10723 J/K), T is the thermodynamic temperature (K),
R is the resistance (Q), and Af'is the noise bandwidth (Hz). (1)
The total noise of the first preamplifier circuit can be obtained as

€, i =\/et21 +(e,m1 / k, )2 +ile§ +4KTRgl ’ (7
where e,; is the amplifier input voltage noise, e,,; is the amplifier output voltage noise, the
amplifier gain multiple &, is 10, i,; is the amplifier current noise, and the amplifier gain
resistance Ry is 5.1 kQ. According to the data in the AD620 datasheet of the amplifier, e, ;,; =
14.42 nV/Hz!2. (1%

The total noise of the second preamplifier circuit can be obtained as

eniinZ = \/er22 +(en0 /kZ )2 +13R§ +4KTRg2 +€3/l > (8)

where e,, is the amplifier input voltage noise, e,,, is the amplifier output voltage noise, the
amplifier gain multiple %, is 10, i, is the amplifier current noise, and the amplifier gain
resistance Ry is 5.1 kQ. The noise ey of the V/I conversion circuit is determined by the thermal
noise of resistor R. When R = 200 Q, the calculated thermal noise is approximately 1.79 nV/Hz!/?

and e, ;,, is 14.48 nV/Hz!"2.

R, €n

€

ideal

a amplifier

Fig. 5. Noise model of the AMR sensor and preamplifier.
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The total noise at the output of the differential circuit can be obtained as

Enfnut} :k3 \/et23 +(eno3 /k3 )2 +4KTRg3 +klze:7in1 +k22€:7i112 . (9)

The total voltage noise outputted by the differential circuit is calculated as 550.66 nV/Hz"2. The
calculation results revealed that the inherent noise of the AMR chip sensor and the noise of the
amplifier account for the highest proportion of the total noise. The effect of the natural noise of
the circuit is small, and the change in the real noise of the circuit is notable when the amplifier
magnification is changed. Therefore, changing the size of the feedback resistor (R) can minimize
changes in circuit noise, thereby improving the gradient sensitivity of the AMR gradiometer. In
addition, the appropriate selection of the preamplifier gain and differential amplifier gain plays a
key role in determining the total noise of the circuit.

4. [Experiment and Analysis
4.1 Experimental test platform

To study the performance of the AMR gradiometer, we developed an experimental test
platform to perform noise and gradient sensitivity tests. The magnetic field measurement system
of the AMR gradiometer is illustrated in Fig. 6. The functioning generator generates a DC signal
to act on a Helmbholtz coil. The Helmholtz coil generates a gradient magnetic field after being
energized. The Helmholtz coil and the AMR gradiometer were placed in a magnetic shielding
cylinder (on a nonmagnetic base) to prevent interference from the external magnetic field. A
shielded cable was used to connect the current source with the Helmholtz coil, data acquisition
card, and AMR gradiometer. The nonmagnetic base and the shielded cable reduce the
interference caused by the noise field and help ensure that the AMR gradiometer only measures
the magnetic field generated by the Helmholtz coil. The physical map of the AMR gradiometer
is shown in Fig. 7.

= -

Function generator Helmholtz coil Laptop

Magnetic shielding cylinder AMR gradiometer 24-bit ADC circuit board

Fig. 6.  (Color online) Experimental system for measuring AMR gradiometer magnetic field.
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Fig. 7. (Color online) Physical map of the AMR gradiometer.

4.2 Noise test

To analyze the noise performance of the AMR gradiometer, a noise test of the AMR
gradiometer was performed in a five-layer magnetic shielding cylinder, and the magnitude of the
current passing through the Helmholtz coil was adjusted to generate a magnetic field gradient of
approximately 800 nT/cm. Before the measurement, we use a high-sensitivity fluxgate sensor to
calculate the gradient magnetic field generated by the Helmholtz coil. The purpose of this is to
ensure that the gradient magnetic field measured by the gradiometer is standard. To analyze the
measured noise power spectrum of the AMR gradiometer in the magnetic field gradient
environment, the system’s output data at a sampling rate of 200 Hz was collected, and the
magnetic field gradient data outputted by the gradiometer system was recorded at 30 s intervals
as the test sample, as shown in Fig. 8.

From Fig. 8, it can be seen that owing to the effects of environmental interference and
residual magnetism in the magnetic shielding cylinder, the output magnetic field gradient is
slightly greater than 800 nT/cm and the peak-to-peak value of the fluctuation is approximately
0.6 nT/cm. The magnetic field gradient output in the time domain was converted into the
frequency domain, and by the spectral analysis of the acquired data, the noise power spectral
density was obtained, as shown in Fig. 9. At 5 Hz, the noise of the AMR gradiometer fluctuates
at approximately 62 pT/Hz!2. At frequencies above 10 Hz, the noise of the AMR gradiometer
fluctuates at approximately 30 pT/Hz"/2. The noise of the AMR gradiometer is 122.36 pT/Hz!/? at
1 Hz.

4.3 Gradient sensitivity test

Gradient sensitivity and linearity are important parameters that reflect the performance of
the AMR gradiometer. The gradient sensitivity of the AMR gradiometer S [unit: uV/(nT/m)] is
the ratio of the change in the output voltage signal of the gradiometer to the change in external
input magnetic field gradient and can be expressed as

av,
S, = 10
¢ = (10)

where V,,, is the output voltage of the AMR gradiometer and is the magnitude of the magnetic

out

field gradient measured by the AMR gradiometer. We aimed to adjust the magnetic field
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Fig. 8.  (Color online) Stable magnetic field gradient output data.
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Fig. 9. (Color online) Power spectral density of the AMR gradiometer.

gradient from £5 x 10° nT/m to +£2.5 V. From Eq. (10), the theoretical gradient sensitivity is
5 uV/(nT/m). From Eq. (5), the actual sensitivity of the gradiometer is S = kRd, and the gradient
sensitivity can be changed by adjusting the size of the feedback resistor R in the V/I conversion
circuit. To study the linearity of the AMR gradiometer, the magnitude of the current generated
by the current source was adjusted, sets of data were collected at a sampling rate of 200 Hz
under different currents, and the average of each set of data was used as the output of the current
gradiometer. The output scatter plot and fitting result of the instrument are shown in Fig. 10.
When R = 91, 150, and 200 Q under different input gradient magnetic fields, the gradient
sensitivities of the gradiometer are 5.7929, 8.5645, and 11.707 uV/(nT/m), respectively.

The fitting residual of the output voltage of the AMR gradiometer when R =200 Q is shown
in Fig. 11; the maximum residual value is 11.67 mV and the nonlinearity is 0.9968%. The scatter
plot of the experimental data and relevant results revealed that the gradient sensitivity of the
gradiometer can be improved by adjusting the feedback resistance.
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Fig. 10. (Color online) Gradiometer output scatter plot and results of linear fit.
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Fig. 11. (Color online) Fitted residuals of output voltage.

Table 1
Comparison between the AMR gradiometer and other gradiometers.

Sensitivity . . Baseline distance
Work (VAN T/)] Noise density (cm) Integrated
72
AMR gradiometer 5.7929-11.707 122';6 lp ]I;/ZHZ 10 Yes
. 5 nT/Hz'"?
(14)
GMI gradiometer 5.94 at 5 Hz 6 Yes
. 18 pT/Hz'"?
(16) p
Fluxgate gradiometer at 1 Hz 60 No
, 100 fT HZ'?
(19) _
SQUID gradiometer at 1 H 35 No
: 72
Optically pumped - 10 fT Hz ) No

gradiometer(zo) at 1 Hz
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5. Conclusions

In this study, by using an AMR chip sensor along with a signal-conditioning circuit, a vector
magnetic gradiometer with adjustable gradient sensitivity was designed for magnetic field
gradient measurement, and its structure, measurement principle, and noise performance were
analyzed. The instrument was also tested for noise and gradient sensitivity. The experimental
results showed that when the feedback resistance is 200 €, the noise and nonlinearity of the
AMR gradiometer are 122.36 pI/Hz'? at 1 Hz and 0.9968%, respectively. Under the action of
the conditioning circuit, the output voltage of the gradiometer is £2.5 V. Upon adjusting the
feedback resistor R in the V/I conversion circuit, the adjustable range of the gradient sensitivity
of the AMR gradiometer is 5.7929—-11.707 pV/(nT/m).

As shown in Table 1, compared with other gradiometers, the output sensitivity of the AMR
gradiometer designed in this study has the advantage of being adjustable. From the comparison
between the AMR gradiometer and other gradiometers in Table 1, noise performance is found to
be not as good as that of the fluxgate and squid gradiometers, and the pT level noise can meet the
requirements of nondestructive testing, such as the detection of ferromagnetic metal foreign
bodies in solution. In addition, the integrated gradiometer has more advantages in the application
field compared with the traditional large-volume gradiometer. In conclusion, the proposed
gradiometer can be used to measure the gradient of the input magnetic field, and the imaging of
magnetic field anomalies using an 8 x 8 array composed of multiple AMR gradiometers is our
future research direction.
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