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Abstract: Unexpected metal pieces are significant problems for food and pharmaceutical
manufacturers. Commonly, conventional coil metal detectors are used to detect these metal pieces.
However, these detectors can only detect cm-size metal pieces, making it challenging to detect mm-
size metal pieces. This work presents an advanced contactless small-magnetic-metal detector based
on tunnel magnetoresistance sensors (TMR). To improve the system's sensitivity, the differential
circuit combined with a simple AC-bias lock-in amplifier was designed to reduce the noise of TMR
sensors. The sensitivity of this designed detection system is of 0.44 VV/mm with a good linearity of
R2=0.82674. The experimental results demonstrate that the fabricated prototype sensors can detect
metal wires with a size of 100 um in diameter and 1 mm in length. Due to a high sensitivity and a
low-cost of fabrication, this system is promising to apply on the manufacturing lines for detecting
unexpected tiny metal pieces.

Keywords: Tunnel magnetoresistance sensor (TMR), differential circuit, lock-in amplifier, metal
detector, magnetic sensor.

1. Introduction

Recently, magnetic field sensors have applications in various fields, such as position tracking,
navigation, detection of ferromagnetic objects, guided surgery, space research, nondestructive testing,
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metal detection, etc. [1-4]. There are many candidates for magnetic sensors, such as giant magneto
impedance (GMI) sensors [5], anisotropic magnetoresistance (AMR) [6], giant magnetoresistance
(GMR) sensors [7], and tunneling magnetoresistance (TMR) sensors [3, 8]. In these candidates, the
TMR sensors have been shown to be one of the best sensors for contributions to life and technology
because of several advantages, including low cost, high magnetoresistance value, and high sensitivity
[9, 10]. Tsukada et al., reported the application of the TMR sensor to detect cracks in steel structures
[3]. The TMR sensors were used to measure the concentration of magnetic nanoparticles on the lateral
flow strip [11]. Mao et al. used a TMR sensor array to fabricate the advanced metal detector system,
which can detect the iron sphere balls with a diameter of 1 mm [8]. The TMR sensor also used to small
current effectively proposed by Lei et al., [12]. Furthermore, by using the AC-bias polarity technique
combined with the lock-in amplifier and the in differential circuit, the sensitivity and the resolution of
the TMR sensor were significantly improved [11, 13]. These studies indicated that the TMR sensor
combined with the AC-bias polarity and the differential circuit is a good candidate for use in detecting
small metal lines.

In this work, a contactless small-magnetic-metal detector was proposed. The TMR sensors combined
with the AC-bias technique and the differential circuit were used to improve the sensitivity of the
detector. The iron wires with 100 wum diameter and lengths ranging from 1 to 5 mm were used as samples.
The detailed theory, design, experiments, and sensitivity of the proposed detector are presented and
discussed.

2. Theory and Methods
2.1. Noise in the Output Signal of the Tmr Sensors

There are various sources of noise in the TMR sensors. Because the TMR sensor is a resistive sensor,
it is affected by all kinds of resistive noises, such as shot noise, thermal noise, low-frequency noise, etc.
[10]. Specially to measure the DC or low-frequency signals, which are less than 100 Hz [13], the low-
frequency noise is dominant and increased inversely with frequency named 1/f noise for most of the
magnetic resistive sensors. Therefore, the 1/f noise of TMR is very important and can be expressed by:

V2
Vi (w)Z%T 1)

where a is the 1/f Hooge parameter related to the dimension of the active surface, A is the effective
surface area of TMR, f is the frequency, and V is the biased voltage of the TMR sensor[14].

Notably, an important term in Eq. (1) is the frequency (f). In this equation, the frequency of bias
voltage is increased inversely with noise. Luong et al., showed that the noise spectrum approaches the
white noise if the frequency is larger than 1 kHz [13]. By using the AC-bias polarity combined with the
phase-sensitive detection amplifier, the reduced noises can be expected.

2.2. Simple Lock-in Amplifier Method

The lock-in amplifier, also known as a mixer, is a method to recover the real signal from the noise
environment of measurements to improve the precision [8]. The basic schematic diagram of a typical
lock-in amplifier (LIA) is shown in Fig. 1 [13]. The demodulated output signal of the mixer is the result
of the multiplication of the reference input and the sensor's signal output. Suppose B(t) is the AC bias
of the TMR-bridge sensor and which is also the input referenced signal A(t):
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A(t) = B(t) = Asignal COS(C(I) (2
The output of the TMR sensor added by noise (Vn) is present as follows:

BTMR (t) = Bsignal COS(a)t + ¢) +Vn (3)
In this equation, it is supposed that the noise Vn has an angular frequency wnand can be expressed as:

Vn (t) = A]Oise COS((Ont) (4)

The output of the mixer is a function of multiplying two signal of the reference signal and the output
of the TMR sensor so that this product will be expressed as the trigonometric relation, as follow:

M mixer — A(t) x BTMR (t) = AEignaI COS(C!)t) x ( Bsignal COS(COt + ¢) +Vn )
= % p%ignal Bsignal [COS(ZCOt + ¢) +CO0S (¢):| (5)

+%A%igna| Avsise [COS((C’)-" @ )t)+ COS((w_ws)t)]

Equation (5) shows that the Mmixer includes the high-frequency components of 20, ®+mn and ®-wp;
these high-frequency components will be low-pass filtered because they are higher than ones of the
designed cut-off frequency of the Low-pass filter (LPF) part. The main modulated signal is the term
with cos(¢), which is the phase difference between the reference signal and the TMRs’ signal output.
The demodulated amplitude of LIA depends on this phase difference. Hence, the output signal of an
AC-bias polaritied sensor using LIA can be manipulated by changing the phase ¢. Therefore, the output
of LPF is

Vo oC % &ignal Bsignal cos (¢) (6)

This output is a maximum when the signal of TMR and the coherent reference are in phase [10].
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Figure 1. The basic schematic diagram of a typical lock-in amplifier.
2.3. Differential Sensing Method for TMR Sensors

To detect the weak signal of magnetic field H, the differential sensing configuration is proposed by
Lei et al., [11]. This configuration is shown in Fig. 2a. Two magnetic sensors, S1 and S2, are the
Wheatstone bridge TMR sensors located at 0 and xo with a w distance, respectively. An external
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magnetic induction Bex is perpendicular to the surface of the plastic bar as excitation. The lift-off of
sensors is h. The magnetic-metal-wire diameter is significantly smaller than the length.

In this structure, the difference between two TMRS’outputs is expected to improve the signal quality.
The two TMRs are in close proximity; therefore, the in-phase noises are canceled due to the differential
effects such as the magnetic field of the earth, the magnetic of civil electrical, the magnetic field of near
electronic devices, etc. Fig. 2b shows the predicted normalized signal output of each sensor S1 and S2;
Fig. 2c shows the differential output of these two signals expressed as [1, 11]

HxA = HxsZ - Hxsl (7

To achieve the best signal, optimizing the distance between two sensors and the lift-off h
is essential. In this work, the distance between two sensors (w) is kept at 3mm, and the lift-off (h) is of
2 mm [11].
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Figure 2. Signals of the differential sensing configuration: (a) measurement diagram, (b) the predicted
normalized signal output of each sensor, and (c) the differential signal Hxa'

3. Circuit Design and Experiment

In this work, TMR2103 sensors from Multidimension Technology Inc. (MDT) were used. This
linear sensor utilized a push-pull Wheatstone bridge composed of four unshielded TMR sensor elements.
This design provides a high sensitivity differential output, which is linearly proportional to a magnetic
field parallel to the sensor's surface. The DFN8L package of TMR2103 was used to design this circuit;
therefore, the distance between the centers of sensors is of 3 mm. The sensitivity and noise levels were
6.0 mV/V/Oe and ~10 nT/NHz@1Hz, respectively. The linear range of TMR2103 was + 50 Oe, and the
saturation range was + 200 Oe. The AC-bias voltage of TMR2103 sensors was used with 6 Vpp to avoid
sensor heating [11]. The frequency of AC-bias voltage is chosen to be 1 kHz to reduce 1/f noise of TMR
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sensors [11, 13]. The source of the AC-biased was generated by a function generator FG-7002C (EZ)
for both TMR-bridge bias and reference signal of the mixer presented as REF_sig of the designed circuit.
The output of TMR2013 was pre-amplified by an instrumentation amplifier (INA128-Texas
Instruments) with the advantages of low input bias current, low offset voltage, and high input impedance.
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Figure 3. Designed Schematic of an AC-bias differential circuit for TMR2103 sensors.

The gain of the INA128 could be changed by a potentiometer in the circuit and fixed to be x50 for
both pre-amplifiers using R3 and R4 — 10 kQ potentiometers. The low-cost analog multiplier AD633
chip from Analog Devices is used as the mixer of the designed circuit, which multiplies the reference
signal with the pre-amplifier’s output signal for TMR2103 sensors. The output of the AD663 is given
as follows:

_At)xBre (1) +7

M mixer
10

(8)
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where B (t) =S, ot =gy i the pre-amplified difference signal of two sensors’ outputs, A(t) is the

reference signal, and Z is the additional DC voltage used to correct the output mixer offset by tuning the
R10-10kQ potentiometer. After that, the demodulated signal is low pass filtered via a second-order
active LPF circuit with a cut-off frequency of 5Hz and a fixed gain of x10 for obtaining the low-
frequency signal of mixer output that is proportional to the measured magnetic field. This low-frequency
signal is acquired by the Owon SDS1022 oscilloscope. The designed schematic of this detector is shown
in Fig. 3.

3. Results and Discussion

The noise performance of the TMR2103 sensor was investigated, the results are shown in Fig. 4. In
this measurement, the NI myDAQ combined with LabView was used to measure the 1/f noise spectrum
for DC and AC bias with frequency from 1 kHz to 10 kHz. The results showed that noise at 1 Hz is of
88 dB for DC bias, while the noises are of about 95 dB for all frequencies of AC bias from 1 kHz to 10
kHz. The 1/f noise spectrum was approximate to the white noise from the 10 Hz to the higher frequency.
These results are consistent with using AC bias for a differential circuit with a frequency of 1 kHz to
reduce the 1/f noise mentioned in the circuit design.
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Figure 4. Noise performance of TMR203 sensors with DC and AC bias.

An obtained prototype detector is illustrated in Fig. 5. The two parallel ferrite magnet bars were used
to provide a magnetic field perpendicular to the TMR sensors and plastic bar. The dimensions of these
magnet bars are of 40 mm, 25 mm, and 10 mm in length, width, and thickness, respectively. The cross-
section of 25 x 25 mm? and an air gap of 5 mm were designed for C-shaped holder of magnetic bars
based on 3D printing. In this experiment, the plastic bar containing a magnetic-metal-wire is moved
along the x direction using a linear screw slider controlled by a step motor. The step of the linear screw
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slider is of 1. mm. The speed of this motion is fixed at 10 mm/min controlled by Arduino Uno combined
with step motor driver DRV 8825.
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circuit board TMR sensors (inside)

Ferrite magnet bars

Figure 6. The iron wires for the performance test of the prototype:
(a) photograph of iron wire’s diameter;
(b) 1 mm wire; (c) 2 mm wire; (d) 3 mm wire; (e) 4 mm wire; (f) 5 mm wire.

The iron wires with a diameter of 100 um were used as samples of measurements to evaluate the
performance of the detector. These wires' lengths varied from 1mm to 5 mm with a 1 mm step change.
The sizes of these iron wires are shown in Fig. 6. The output signals of the prototyped device were
shown in Fig. 7a for the five samples of 1, 2, 3, 4, and 5 mm lengths of wire, respectively. The shape of
these signals fits well with the theoretical analysis of the differential sensing configuration for TMR
sensors. The dependence of the peaks of the output signal on the wire length is shown in Fig. 7b. Based
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on the linear fitting of this dependence, the fabricated prototype’s sensitivity is estimated to be 0.44
V/mm; the linearity is good with R?=0.82674. The results indicate that this device has the ability to
detect a metal wire as small as 1 mm in length and 100-um diameter. These results are comparable to
the previous researches [1, 3, 8]. Because of its advanced performance, this device can be used to detect
the small metal wire with high accuracy.
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Figure 7. Output signal vs. length of iron wire. (a) Output signal of the prototype system with the length of iron
wire changing from 1 mm to 5 mm. (b) Peaks of output signal vs. length of iron wire.

4. Conclusion

In this work, a contactless small-magnetic-metal detector was proposed and fabricated. This detector
was designed basing on the TMR2103 sensors combined with AC bias and differential configurations
to improve performance. The 1/f noise of TMR2103 was investigated and was consistent with using an
AC bias of 1 kHz for a differential circuit to reduce the noise. The output signals of the prototype devices
were obtained, fitting well with the theoretical analysis of the differential sensing configuration for TMR
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sensors. The experimental results indicated the linear dependence of the peaks of the output signal on
the wire length. The sensitivity of this designed detection system is 0.44 V/mm with a good linearity of
R?=0.82674. Notable, this prototype sensor can significantly detect metal wires with a size of 100 um
in diameter and 1 mm in length. Therefore, this device is promising for applications in the detection of
small metallic wires with a high accuracy in industrial product lines in the future.
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